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SUMMARY
The mechanism by which linked genes recombine is largely 
unknown. Studies of genes controlling recombination should 
help our understanding of this process. With this aim, the 
effect of rec-3 genes of Neurospora crassa on recombination 
in andnear the am-1 locus was investigated.
The method used was to determine the frequency of wild 
type recombinants (prototrophs) from repulsion phase crosses 
between pairs of am-1 mutants (auxotrophs) in rec-3 and
■j*rec-3 background. Among these haploid recombinants, the
proportions of the four classes specified by different
combinations of chromatids flanking am-1 were also recorded
using markers at closely linked loci.
A fine structure map of am-1 was prepared using rec-3 x
rec-3 crosses prior to examining the effect of rec-3+ . The
sites of difference of thirteen alleles were ranked in an
order obtained by using significant asymmetries between the
two classes of prototrophs with non-parental combinations of
flanking regions and also using asymmetries between the
two parental classes. The unambiguous order (proximal to
distal) of eleven sites was 6-14-4-2 ,19-5-17-1-7-11-3-9? with 
2 IQam-1 and am-1 having a common site. The site of thegthirteenth allele am-1 was placed unambiguously between the
4 5sites of am-1 and am-1 .
VSome evidence that alleles mapping proximally give 
higher prototroph frequencies was obtained from these crosses« 
Also, use of proximal alleles resulted in a larger asymmetry 
between the two prototroph classes with parental combinations 
of flanking regions. This implies that recombination in 
am-1 is polarized, with more occurring in the proximal region.
The presence of the dominant allele rec-3+ was associated 
with a reduction in the prototroph frequency of from four to 
thirty six fold, with relatively more reduction indicated in 
the proximal region. For most alleles, a reduction in the 
asymmetry between the two classes with parental flanking 
regions was also observed. The factors controlling these 
reductions did not separate in twelve offspring of a rec-3 x 
rec-3+ cross. They are probably pleiotropic effects of the 
rec-3+ gene. These results together imply that rec-3+ 
greatly reduces recombination in am-1 , with relatively more 
reduction occurring in the proximal region.
Some variation was observed in the asymmetry between the 
two classes with non-parental associations of flanking 
regions, and also in the proportion of all classes which were 
of this type. However, this variation was not associated 
with the rec-3 constitution of the crosses involved nor with 
the map position of the am-1 alleles used.
The action of rec-3 genesis highly specific since they 
showed no effect on allelic recombination in the gul-1 locus
(less than 0.4 map units distal to am-1). Also, no effect on
vi
non-allelic recombination in the region between the esjd and 
his-1 loci (spanning am-1 and about 8 map units long) was 
obtained among unselected offspring. For selected offspring 
showing recombination between am-1 and gul-1, an effect was 
shown which could be accounted for in terms of the effect of 
rec-3 on recombination in am-1.
The observed data fit the suggestion that rec-3+ reduces 
the yield of prototrophs from hybrid DNA which enters am-1 
from the proximal direction. The smaller reduction observed 
in the distal region could result either from hybrid DNA 
entering am-1 distally and yielding prototrophs at a 
constant level insensitive to rec-3+ , or from changes in the 
pattern of correction of mismatched bases.
To account for specificity and for dominance of low 
frequency, the rec-3+ gene product could reduce the activity 
of an enzyme which initiates hybrid DNA specifically at a 
site close to am-1 on its proximal side.
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CHAPTER 1
GENERAL INTRODUCTION
The exact mechanism of recombination between linked 
genes is unknown. In higher organisms it has Tor many years 
been attributed to crossing over by reciprocal exchange oT 
material between different parental chromatids. Particular 
cross-over events occur between two of the four chromatids 
of synapsed chromosomes, and have been correlated with 
chiasmata.
However, direct equivalence between recombination and 
crossing over does not provide an adequate description of 
recombination between alleles. Giles (1931) and Pritchard 
(1955) made crosses between different alleles with the 
chromatids on either side of their locus genetically marked. 
From among the haploid progeny, they selected one of the two 
classes of allelic recombinants. A recombinant association 
of flanking chromatids is expected among these if they arise 
from single cross-overs. However, these authors found high 
proportions of the other three combinations of flanking 
regions. This was explained by assuming that crossing over 
between alleles stimulates further crossing over in closely 
adjacent regions. Pritchard (1955) termed this phenomenon 
"high negative interference!l , and it has since been 
described in many pro- and eucaryotes, and shown to have a 
large range of patterns.
2However, examination of all four products of a meiosis 
yielding allelic recombinants shows that such multiple cross­
overs do not occur. Mitchell (1955) described four asci of 
Neurospora crassa containing wild type (prototrophic) 
recombinants from crosses between two mutant (auxotrophic) 
alleles. In each case, the double mutant product expected 
from reciprocal crossing over was not found. Instead, one 
of the two sites of allelic difference showed a 3;1 
segregation rather than the normal 2:2. In three of the four 
asci, the chromatid of the wild type recombinant did not show 
recombination between outside markers. Mitchell followed 
Lindegren (1953) in describing these 3:1 segregations in terms 
of "gene conversion".
More extensive results have shown that a large proportion 
of all recombinants between alleles arise from conversion, 
and that about half such conversions occur without crossing 
over between flanking markers. For example, in Saccharomyces 
cerevisiae Fogel and Hurst (1967) found that of 1081 asci 
showing a wild type recombinant between mutant alleles, only 
101 (9 ,3%) arose from reciprocal crossing over. The
remainder resulted from conversion of one or other of the 
parental alleles, with 4 5 2 (4 6 .1$>) of the recombinants also 
showing recombination between closely linked markers.
At first, the 3:1 segregation typical of conversion were 
thought to arise by double copying of one parental chromosome 
during replication (Freese, 1957)» This "copy-choice"
3hypothesis supposed that double copying resulted from switching 
of templates during the non-synchronous synthesis of the two 
new chromatids. Variation in the switch frequency and its 
tendency to occur in clusters were thought to explain the 
many different patterns of allelic recombination observed.
Since the genetic material is DNA, its replication involves 
synthesis of new DNA0 DNA molecules in their native state 
consist of two complementary sequences of nucleotides, and, 
in eucaryotes, are located in chromosomes. Although the 
cytological evidence is conflicting, the genetical and 
mutational properties of chromatids are consistent with each 
containing a single DNA duplex lying length-wise (see review 
in Vhitehouse, 1969).
The copy-choice hypothesis, which requires recombination 
to occur during replication, is incompatible with the 
following observations. (i) Replication of chromosomes 
(Taylor, Woods and Hughes, 1957) and of the DNA of bacteria 
(Meselson and Stahl, 1958) and chromosomes (Sueoka, I96O; 
Djordjevic and Szybalski, i960) is semi-conservative. That 
is, each DNA duplex is half old and half new, rather than 
all of one type as predicted by copy-choice schemes. (ii)
DNA replication occurs before chromosomes associate in the 
homologous pairs necessary for recombination to occur.
Rossen and Westergaard (1966) showed this conclusively in 
the ascomycete Neotiella rutilans, as synthesis occurred 
when parental chromosomes were in different nuclei. (iii) 
Meselson and Weigle (1961) and Kellenberger, Zichichi and
4Weigle (1961) showed that recombinant phage lambda contained 
parental molecules, an unexpected structure on the copy- 
choice hypothesis. In further experiments, Meselson (1964) 
demonstrated that some recombinants had DNA none of which 
could have been newly synthesized. These recombinants must 
have arisen from breakage and rejoining of pre-existing DNA 
molecules, (iv) Finally, copy-choice does not explain the 
segregation of allelic genes observed in the products of 
the third division after meiotic metaphase. In certain 
ascomycetes these eight products are held together as spores 
in an ascus, The four pairs of spores are in a linear order 
and represent the four chromatids of the synapsed chromosomes 
at metaphase, Olive (1959) crossed a spore colour mutant 
with wild type in Sordaria fimicola, and observed the eight- 
spored asci (octads) resulting. He recorded 5 0  and 3:5 
ratios of mutant to wild type spores in addition to the 
normal 4:4 ratio, and the 6:2 and 2:6 ratios resulting from 
conversion. In the 5:3 and 3:5 asci one of the four pairs 
of spores contained one mutant and one wild type spore, A 
further class of this type was observed by Kitani, Olive 
and El-Ani (1962) in which 4 mutant to 4 wild type spores 
occurred as in normal asci, but half of the spores were not 
in pairs. These asci with unpaired spores show "post meiotic 
segregation"•
The occurrence of post meiotic segregation implies that 
the unit of recombination is the sub-chromatid, which can be
5considered equivalent to a single chain of a DNA duplex. 
This, and the occurrence of recombination by breakage and 
reunion in phage, led Holliday (1964) and Whitehouse and 
Hastings (1965) to develop new hypotheses in detail. These 
both suggested that recombination involves hybrid DNA 
formation. That is, recombinant molecules have one 
complementary strand from each parental DNA at the 
recombination region.
I
Figure 1,1 shows an outline of the two main hypotheses. 
The parental chromosomes are shown with two chromatids, each 
made up of a DNA duplex. Only chromatids 2 and 3 take part 
in the recombination event shown. Holliday1s scheme (left 
column) involves breakage of two strands of the same 
polarity at exactly corresponding positions in non-sister 
chromatids (i). Each broken strand separates from its 
unbroken complementary strand and anneals with that of the 
non-sister chromatid (ii). The resulting half chromatid 
cross-over is then removed by further breaks in two strands 
of the same polarity, and rejoining of non-sister single 
strands. If these breaks occur in strands not originally 
broken, full crossing over results (iva). If the strands 
which had the initial breaks are broken again, there is no 
crossing over between flanking regions (ivb).
Whitehouse and Hastings1 hypothesis (figure 1.1 right 
column) is developed from those outlined by Whitehouse 
(1963). It specifies breakage of single DNA strands of
Figure 1.1 Hypotheses of recombination involving hybrid
DNA according to Holliday (1964) (left column) and Whitehouse 
and Hastings (1965) (right column). Single lines represent 
single nucleotide chains, with the polarity indicated by 
half arrowheads. Molecules from the two parents are 
distinguished by light and heavy lines. Dashed lines 
represent newly synthesized DNA, and dotted lines indicate
degraded chains.
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6opposite polarity at equivalent sites in the two parental 
molecules. These strands are then separated from their 
complementary strands by disruption of hydrogen bonds 
between matched base pairs (i). Synthesis of DNA 
complementary to the unbroken strands occurs to replace the 
dissociated strands (ii). The newly synthesized strands then 
dissociate from their templates, and anneal with the 
complementary broken strands to form hybrid DNA (iii). The 
unbroken strands both break in two places equivalent to the 
ends of the hybrid DNA, and the unpaired segments are digested. 
The parts of the strands remaining then rejoin with strands of 
the same polarity involved in the hybrid DNA (iva). This 
results in crossing over with hybrid DNA at the exchange 
region. Hybrid DNA occurs without apparent crossing over if 
a similar series of events also occurs in the opposite 
direction from the initial breakpoint (ivb).
The formation of hybrid DNA between different parental 
molecules fits many observations of bacterial and viral 
recombination. For example, Anraku and Tomizawa (1965) 
working with phage T 4 , and Oppenheim and Riley (1967) 
studying conjugation in Escherichia coli obtained evidence 
that recombination between parental DNA occurs by hydrogen 
bonding between single strands, followed by covalent joining. 
Transformation in Escherichia coli also occurs by covalent 
union of single stranded DNA into recipient molecules (Fox 
and Allen, 1964; Bodmer and Ganesan, 1964).
7Both hypotheses in figure 1.1 account for post meiotic 
segregation» If hybrid DNA covers a site of allelic 
difference (as shown in the figure), the nucleotides of the 
two strands will be mismatched at this site, and hydrogen 
bonding will not occur between them. On replication of 
hybrid DNA after meiosis, these will segregate into daughter 
molecules. In an ordered octad, this would result in an 
unpaired 4:4 segregation of mutant and wild type products.
To account for 5 : 3 and 6:2 segregations, Holliday and 
Whitehouse and Hastings considered that enzymic correction 
of the mismatched bases could occur before replication. They 
invoked a system similar to that discovered in Escherichia 
coli irradiated with ultra-violet light. Setlow and Carrier 
(1964) and Boyce and Howard-Flanders (1964) found that 
certain UV sensitive mutants of E. coli lacked the ability 
to excise thymine dimers formed by the irradiation. These 
and adjoining bases are removed in the normal cell and 
nucleotides complementary to those in the other chain are 
inserted. If similar correction occurred in the hybrid DNA 
of one chromatid but not the other, it would lead to post 
meiotic segregation in the products of the other (5:3 and 
3:5 depending on the direction of correction). Correction 
in both chromatids would result in 6:2 and 2:6 segregations 
if the direction of repair were the same in both, and normal 
4:4 segregations if the directions were different.
8Recently, evidence has been obtained for the correction 
of mismatched bases in hybrid DNA of phage lambda during 
infection of its host, Escherichia coli (Hogness, Doerfler, 
Egan and Black 1966), Also, sequential treatment of hybrid 
DNA of phage T4 with an exonuclease and a DNA polymerase in 
vitro apparently results in correction (Bautz, Bautz and 
Rüger, 1968)4
A difference between the two hypotheses in figure 1,1 
is that Holliday1 s predicts different mismatched base pairs 
in the two hybrid chromatids, whereas Whitehouse and 
Hastings' predicts that they are the same, Whitehouse (1 9 6 4) 
showed that the aberrant spore ratios observed in Sordaria 
fimicola by Kitani, Olive and El-Ani (1962) would fit 
theoretical values of the occurrence and frequencies of 
correction in different directions, if these were the same 
in both chromatids. However, Emerson (1966) showed that 
only if the correction patterns differed would theoretical 
values fit similar data from Ascobolus immersus« Whitehouse 
(1969) reconciled this with his hypothesis by assuming that 
correction was influenced by which of the two nucleotide 
chains showed previous breakage near the mismatched pair. 
This suggestion (which could also apply to Holliday1s 
scheme) has support from Kitani and Olive's (1969) results 
from interallelic crosses of mutants at the gray spore locus 
in Sordaria fimicola. These authors found the preferred
direction of correction at four primary sites of allelic
9difference was that which restored the original matched pair 
in both chromatids.
The frequency of wild type recombinants from repulsion 
phase crosses between alleles bears some relation to their 
physical separation* This has often been used to map their 
sites. Hybrid DNA hypotheses predict that close sites 
would both usually be involved in the same hybrid DNA, and 
thus production of wild type recombinants would depend on 
their conversion frequencies rather than their separation,
To overcome this difficulty, Pritchard (in Holliday, 1 966) 
and Whitehouse and Hastings (1965) suggested that during 
correction, degradation and resynthesis of one strand occurs 
over several hundred nucleotides as indicated for correction 
of UV damage in Escherichia coli (Howard-Flanders and Boyce, 
1966), If both sites were covered, a wild type strand would 
not be formed, since correction would always result in the 
mutant base pair at one of the sites. Thus, the further 
apart two sites were, the less chance they would have of 
being involved in the same correction event, and the greater 
the chance of formation of a wild type DNA chain. Experimental 
evidence in agreement with this suggestion has recently been 
found in Saccharomyces cerevisiae by Fogel and Mortimer (1969). 
In asci showing recombination between alleles, the proportion 
with conversion at both sites occurring in opposite 
directions (the two ascus types in the following diagram)
increased with decreasing distance between the sites
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1 2(m and m represent mutant forms at two different sites of 
allelic difference in a locus. The wild type forms are 
signified "+" in both cases).
These asci do not yield wild type recombinants, but are 
expected if a single correction event covers both sites,
Holliday (1964) and Whitehouse and Hastings (1965) have 
provided a mechanism to account for polarity in recombination 
between alleles. This is the tendency for recombination to 
occur preferentially in certain regions of a locus. Polarity 
was shown in Ascobolus immersus by Lissouba and Rizet (i960) 
who crossed alleles causing colourless ascospores, Resulting 
asci often showed coloured recombinant spores resulting from 
conversion to wild type at one of the two mutant sites. The 
sites could be ranked on the basis of their frequency of 
conversion, the order obtained being roughly the same as that 
from mapping by frequency of recombination. They suggested 
that conversion was polarized in that its frequency showed a 
gradient along a segment of the genetic material. Fogel and 
Hurst (1967) obtained similar results in asci of 
Saccharomyces cerevisiae ^ In this case, the chromatids on
either side of the locus were marked. This allowed a
demonstration that wild type recombinants with one or the 
other of the parental associations of flanking markers arise 
mainly from conversion of the allele entering the cross with 
that association of markers. Thus, among wild type 
recombinants selected from random offspring, the magnitude of 
these two classes is directly related to the conversion 
frequencies of the two alleles. Differences in the 
frequencies have often been shown, and are frequently 
associated with the map order of the sites of the alleles 
involved (e.g. Siddiqi, 1962; Murray, 1963)* In Neurospora, 
Murray (1968) showed that this polarity was independent of 
the orientation of the locus with respect to the centromere. 
Polarized recombination has been observed in many species of 
eucaryotes and also the bacterium Streptomyces coelicolor 
(Piperno, Carere and Sermonti, 1966).
Hybrid DNA schemes explain polarity in recombination by 
assuming that the initial breakage of single strands is at 
fixed points® Conversion frequencies would decrease from 
such points because of the reduced chance of hybrid DNA 
coverage at more distant sites. Whitehouse (1966) suggested 
that the initial dissociation of DNA strands is at the 
operator controlling transcription, and that recombination 
and transcription have common regulation. However, if the 
hypothetical operator is always at the end of a locus, it is 
difficult to explain reciprocal recombination between 
alleles, Holliday (1968) proposed specific endonucleases
12
which recognize certain sequences of nucleotides 
(recombinators) and nick non-sister strands of the same 
polarity in them. Recombinators are presumed to occur at 
irregular intervals along the chromosome, spaced such that 
they are usually outside any particular locus examined.
These hypotheses have sufficient flexibility to account 
for most of the differences in pattern shown by recombination 
data. Variation in (i) the frequency and localization of the 
initial breakage, (ii) the direction, extent and method of 
termination of the hybrid DNA and (iii) the frequencies and 
directions of correction of mismatched base pairs are all 
possible and most are necessary. A choice cannot yet be 
made between the hypotheses. A priori, Holliday’s is more 
attractive as it is simpler and requires fewer enzymes 
(Holliday, 1968). Several enzymes with suitable 
characteristics have already been described in procaryotes 
(see review in Richardson, 1969)* For example, polynucleotide 
ligases which close gaps between adjacent nucleotides in one 
strand of a DNA duplex could be involved in the covalent 
bonding of hybrid DNA molecules held together by hydrogen 
bonds. Also, specific endonucleases have been described 
which break single strands of paired DNA only near bases 
altered either by UV irradiation or by methylation. Other 
nucleases may recognize mismatched base pairs, and nick one 
of the strands nearby. Exonucleases which could degrade the
nicked strand and remove the mismatched bases have also been
13
characterized. The degraded sequence could be replaced by a 
strand synthesized by a DNA polymerase using the unbroken 
strand as a template. The DNA polymerase may carry out both 
the degradation and resynthesis simultaneously, as has been 
observed in its correction of UV damage in Escherichia coli 
(Kelly, Atkinson, Huberman and Kornberg, 1969)» Most of 
these enzymes act in a specific chemical direction, and 
therefore two sets are required under Whitehouse and 
Hastings1 hypothesis because it requires initial breaks in 
strands of opposite polarity.
It is an axiom that enzymes are specified by genes. 
Therefore genes causing alterations in recombination 
behaviour probably specify enzymes involved in recombination, 
or are concerned in its regulation. Study of such genes 
should eventually allow a complete description of the 
biochemical mechanism of recombination. A start has been 
made with such studies.
Mutants of Escherichia coli deficient in recombination 
have been discovered (Clark and Margulies, 1965; Howard- 
Flanders and Theriot, 1966; Clark, 1967)» They map at three 
loci recA, recB and recC, and are all recessive and sensitive 
to UV irradiation. RecA mutants show negligible recombination 
and extensive breakdown of DNA on irradiation, whereas recB 
and recC mutants have a reduced amount of recombination and 
their DNA breakdown is less than wild type. Recently, Oishi 
(1969) has shown that recB and recC mutants lack a
deoxyribonuclease (probably an exonuclease), thus explaining
the reduced breakdown of DNA in these mutants and suggesting
a direct role for this enzyme in recombination. Willetts
and Clark (1969) studied strains containing various
combinations of recA, recB and recC mutants. Those with both
recB and recC showed properties closely similar to the single
+ +mutant strains, indicating that the recB and recC gene 
products act in the same biochemical pathway. They may be 
separate enzymes or subunits of a single enzyme, possibly 
that isolated by Oishi (1969). Strains involving recA 
mutants with either or both of recB and recC had properties 
similar to recA mutant strains except that they did not show 
extensive DNA breakdown on XJV irradiation. This suggests 
that the recA+ product is involved in an earlier step in 
recombination than the other two gene products, and that 
breakdown of DNA is not a direct result of the recA mutation.
In phage T4 , mutants of genes specifying DNA polymerase, 
deoxycytidylate hydroxymethylase (Bernstein, 1967) and 
polynucleotide ligase (Bernstein, 1968) show increased 
allelic recombination in the rll region. Other regions have 
not been tested, and the dominant or recessive nature of the 
mutants has not been determined. The defective enzymes 
specified by these mutants may disrupt normal DNA synthesis 
and allow more breakage and rejoining, leading to increased 
recombination. Their possible direct roles in recombination 
may thus be masked. In contrast, recessive mutants of two
15
genes for deoxyribonucleases have drastically reduced allelic 
recombination in the same region (Bernstein, 1968). These 
enzymes may be (i) endonucleases which nick double stranded 
DNA as the first step in recombination or (ii) exonucleases 
which remove one strand and allow the other to engage in 
hybrid DNA formation or (iii) exonucleases which remove 
mismatched base pairs in an already hybrid region. The third 
possibility explains the slightly larger reduction in 
recombination observed between closer sites.
In phage lambda, Echols and Gingery (1968) and Signer 
and Weil (1968a) discovered recessive mutants (red) which 
show greatly reduced recombination in rec strains of 
Escherichia coli. These occur in three complementation 
groups defining the structural gene or genes for lambda 
exonuclease (redA and redC) and probably a protein associated 
with this enzyme (redB) (Signer e_t aT, , 1968). The
exonuclease degrades single strands of double stranded DNA 
starting from the 5 ' ends. Another class of recessive mutants 
in phage lambda (int) controls recombination at a specific 
site (Echols, Gingery and Moore, 1968; Weil and Signer,
1968), This recombination results in reciprocal products 
when red phage is grown in rec host (Signer and Weil, 1968b). 
The specific region affected is the site where lambda DNA is 
integrated into Escherichia coli genetic material, and int 
strains are also defective in integration. The enzyme 
specified by int+ must be able to recognize specific
sequences of DNA in the integration region
16
Genes affecting recombination in specific regions have 
also been discovered in Neurospora crassa, Recombination-1. 
genes (rec-1, Jessop and Catcheside, 1965) control 
recombination between alleles at the histidine-1 (his-1) 
locus linked to it. If rec-l+ is present in one or both 
parents of a cross, the frequency of recombination between 
all his-1 alleles tested so far is smaller by more than an 
order of magnitude (Jessop and Catcheside, 1965)* Thus high 
frequency is recessive, in contrast to the recessive nature 
of low frequency generally observed in procaryotes (see 
above). Rec-1 does not influence recombination at seven 
other loci, including five others controlling histidine 
biosynthesis (Catcheside, 1966a, 1968; Smith, 1967; 
Catcheside and Austin, 1969)» and it has no detectable effect 
on non-allelic recombination near his-1 (Jessop and 
Catcheside, 1965)« An influence on the polarity of 
recombination at his-1 as well as its frequency was 
indicated in the data of Jessop and Catcheside (1965) and 
confirmed in more extensive results by Catcheside (1968) and 
Thomas and Catcheside (1969)* Tn repulsion phase crosses 
between many his-1 alleles, the relative proportions of the 
two classes of his-l+ recombinants with parental combinations 
of flanking markers were affected by rec-1. In rec-1 
crosses, the proportion carrying the same markers as the 
parent with the more proximal allele was reduced from about 
60 per cent to near 40 per cent of these two classes.
17
Jessop and Catcheside (1965) pointed out that the 
+dominance of rec-1 implies that its product is metabolically 
active. They suggested that rec-1 genes control breakage 
during hybrid DNA formation, Catcheside (1966a) considered 
that this control was by regulation of an enzyme involved in 
a unit function of recombination, rather than by production 
of the enzyme itself. Although unproved, this suggestion is 
compatible with the occurrence of different rec-1 alleles in 
wild type stocks and their lack of affect on fertility and 
meiosis. This is in contrast to those recessive mutants in 
procaryotes described above which show defective recombination, 
Catcheside (1966a) and Whitehouse (1966) suggested that rec-1 
products may be specific regulators of both transcription and 
recombination. Whitehouse (1966) further proposed that their 
effect on polarity is due to the proximal origin of hybrid 
DNA from the operator in rec-1 x rec-1 crosses being 
greatly reduced relative to distally entering hybridity in 
rec-l+ crosses. This pattern of hybrid DNA entry has been 
shown to fit more extensive results (Catcheside, 1968;
Thomas and Catcheside, 1969)»
Rec-1+ appears to be one of a class of genes with 
dominant effects on allelic recombination at specific sites 
in Neurospora, Catcheside (1966a) described alleles at 
another locus recombination-3 (rec-3) controlling recombination 
frequency at the amination-1 (am-1) locus in the same way as 
rec-1 controls his-1. Rec-3, in a different linkage group
18
from am-1, affects recombination between all five am-1 alleles 
tested (Catcheside, 1968)t It is specific in that it does 
not affect recombination at six other loci (Catcheside, 1966a, 
1968; Catcheside and Austin, 1969 5 Smith, 1969 5 D.E.A. 
Catcheside, in press). However, an affect on recombination 
at a seventh locus (his-2) has been shown by genes at a locus 
(rec-x) closely linked to rec-3 and not yet proved to be 
different (Catcheside and Austin, 1969)» Catcheside (1968) 
traced recombination in am-1 by using a closely linked distal 
marker. Among am-l+ recombinants from rec-3+ crosses, he 
usually found a reduced proportion of the marker entering the 
cross with the more proximal am-1 allele. The magnitude of the 
reduction depended on the alleles involved and varied for 
different stocks of the same allele. The significant 
differences were interpreted as showing that rec-3+ reduced 
the proportion of hybrid DNA entering proximally. There is 
no evidence that rec-3+ is also a repressor of transcription, 
since D.E.A, Catcheside (1968) has shown that the potential 
reduction in specific activity of the am-l+ gene product is 
similar in rec-3 and rec-3+ stocks.
The aim of this study was to describe the effect of 
rec-3 on the frequency and polarity of recombination in the 
am-1 locus. Tests were planned to determine whether the 
effect extended to all available am-1 alleles and whether 
variation in the effect was associated with their map 
position. In this way it was hoped that the nature and
19
action of rec-3 and rec~3+ gene products could be deduced 
and light shed on the mechanism of recombination.
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CHAPTER 2
METHODS AND ORIGINS OF STOCKS
2 c1 STOCKS USED
The method used to study the effect of rec-3 on 
recombination in am-I was basically as follows. Repulsion 
phase crosses between different auxotrophic am-1 mutants were 
made with marker genes at closely linked loci flanking am-1. 
Prototrophic am-l+ recombinants were selected from among the 
haploid offspring, and their frequency and constitution at 
the flanking loci determined. Differences dependent on the 
rec-3 constitution of different crosses were attributed to 
the influence of this locus on recombination in am-1.
Stocks of thirteen auxotrophic amination-1 (am-1) 
mutants were obtained from various sources (table 2,1), The 
isolation and properties of these mutants are detailed in 
Appendix 1. From these stocks, descendants were bred with 
the following characteristics, (i) Emerson A (Em A) and 
Emerson a (Em a) wild type backgrounds were introduced to a 
varying extent. The relationship of these to other wild types 
in common use is given by Barratt (1962). (ii) The colonial 
temperature sensitive-1 (cot-l) mutant C102t was incorporated. 
This allowed normal growth at 25°C, but gave restricted, 
branched growth at C (Mitchell and Mitchell, 1952). Its
presence in both parents of a cross simplified and increased
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the accuracy of the assay techniques, (iii) One of two
marker genes closely linked to and on either side of am-1
was introduced. These were either the morphological mutant
spray (_sjd(B132) Perkins, 1959) or histidine-1 (his-l(K83)
Catcheside, i960), a mutant requiring histidine for growth.
The loci of these mutants are respectively about 5 units
proximal and 3 units distal to am-1 (Section 6,1,2), (iv)
the recombination-3 (rec-3 Catcheside, 1966a) constitution
of the stocks was determined, and if necessary stocks with
the other allele were bred. The rec-3 constitution of a
particular line was either deduced from its parentage, or
6 +obtained by crossing it to am-1 testers of rec-3 and rec-3 
constitution (or to am-1^^ or am-l^  testers in the case of 
am-1  ^ lines). Stocks which gave at least four times fewer 
am-1+ prototrophs with the rec-3+ tester were rec-3, the 
others rec-3+ > The am-1  ^ testers were stocks described in 
Catcheside (1966a) or descendants of them, and through these 
an internally consistent pedigree was built up.
The only stocks involved in the pedigrees were those 
given in table 2.1 and the two Emerson wild types. Stocks 
of his-1(K651) and inositol(37^01) also entered the pedigrees, 
but these genes were not used in this study. The use made of 
the arginine-3 (arg-3) stock shown in table 2,1 is given in
Section 5^2 and of the gulliver-1 (gul-1) stocks in Section
6 .2.
Figure 2.1 Linkage map of the eight loci used in this
study. Map distances between the loci are from data in 
Sections 5*2 and 6.1.2. Distances from each centromere 
to the nearest locus are approximate only.
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cent sorbose and 0,1 per cent sucrose (SS medium). Sorbose 
was used to restrict growth (Tatums Barratt and Cutter,
19^9)« Appropriate amino acids were added at the 
concentrations already given. To test for am-1 constitution,
1,500 mg,/l. glycine was added to inhibit the leaky growth of 
am-1 auxotrophs (Pateman, 1937)* For testing sp 
constitution, the carbon source of SS medium was changed to 
0,25 per cent sorbose and 1 per cent sucrose to allow less 
restricted growth. For germination of ascospores on plates, 
the 0,1 per cent sucrose of SS medium was replaced with 
0,0125 per cent of glucose and 0,025 per cent fructose (SGF 
medium)• Use of these two sugars with sorbose benefits 
germination (de Serres, K^lmark and Brockman, 1962).
Crosses were made in 15 x 150 mm.test tubes containing 
5 mis* of liquid medium prepared according to Westergaard and 
Mitchell (19^7)» The medium was supplemented with 2 per cent 
sucrose and appropriate amino acids at the concentrations 
given above, A 40 x 73 tntn. piece of chromatography paper 
(Whatman No.l) was folded into a "V" shape and placed in each 
tube. Fresh conidia of the parents were suspended in water 
and inoculated into crossing tubes at the same time. Crosses 
were then incubated at 25°C + 1°C until required.
Initially, the mating type of stocks was determined by 
testing for production of perithecia with either Emerson A 
or Emerson a grown in separate smaller crossing tubes. Later, 
plates of crossing medium (solidified with 2 per cent Bacto-
24
agar) were prepared and inoculated with, fluffy strains (fl* ) 
of A. or a mating type (provided by Drs D, Newmeyer and D.D, 
Perkins)* After growth at 25°C had covered the surface, 
conidia of the stocks to be tested were spotted on one plate 
of each mating type and production of perithecia recorded*
The frequency of am-l+ prototrophs from crosses between 
different am-l mutants was determined by a method based on 
the layer plating technique (Newmeyer, 195^) and closely 
similar to that of Catcheside (1966a). Sometime after a 
cross was mature (about 4 weeks), the contents of from one 
to four crossing tubes were macerated in about 20 mis.of 
water added to each tube* The suspended ascospores were 
filtered from debris through two layers of muslin and allowed 
to settle in a boiling tube. The excess water was decanted 
and the ascospores washed into 150 ml. screw-capped bottles ( A 
bottles) with 2 to 5 mis. of water. The A bottles contained 
15 mis. of layer agar (Vogel*s medium with 1 per cent Bacto- 
agar and 2 per cent sucrose) at 56°C. The spore suspension 
was held at this temperature in a water bath for one hour to 
break ascospore dormancy and to kill any conidia present,
To determine the concentration of viable spores in the 
A bottle, a 1 ml, sample was then suspended in 19 mis. of molten 
layer agar in a B bottle (20 fold dilution) and a 0.5 ml. 
sample taken from the B bottle into 19*5 mis.of layer agar in 
a C bottle (800 fold dilution). From the C bottle, samples 
each of 3 mis.were spread on two plates containing solid SGF
25
medium supplemented to allow growth of all viable spores 
( SGF + histidine + alanine, C plates).
Other samples (3 mis. each) from the original suspension 
in the A bottle were spread on five plates of solid SGF
“J-medium supplemented to allow growth of am-1 recombinant 
spores (SGF + histidine + glycine, A plates). The A plates 
were pre-warmed to allow the layer agar to set slowly and 
the suspended ascospores to settle on the surface of the 
solid SGF medium. With these dilutions and volumes, there 
were 2,000 times more viable spores on the five selective A 
plates than on the two assay C plates.
All samples from bottles were taken by pipette after 
the spores had been evenly distributed in the layer agar by 
agitation on a vortex mixer (Rota Line, Australia; Model 
VM).
The plates were incubated at 25°C for 15-18 hours (C 
plates) or 18-20 hours (A plates) and then moved to 34°C to 
allow expression of the cot-1 phenotype. The number of 
colonies on each plate was recorded after about 24 and 48
5hours at this temperature. The prototroph frequency per 10 
viable ascospores was calculated from the formula f = ^^a/o, 
where a is the number of prototrophs on the selective A 
plates, and c is the number of colonies on the assay C 
plates.
If required, the constitution at the flanking ajj and 
his-1 loci was determined for prototrophs on the A plates.
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After 24 hours at 3^°C, two small pieces of hyphae (separated 
from germinating auxotrophic ascospores) were taken from each 
prototroph and tested on suitable plates described earlier.
If only a sample of prototrophs were tested, they were chosen 
in a way which avoided bias due to morphological differences.
Plate 1 shows the appearance of am-1f prototrophs on a 
selective A plate, colonies on an assay C plate and the 
results of a test of flanking markers of twenty prototrophs,
Q
all from cross 477 [A rec-3; cot-1; sp am-1 (SM252) x 
a rec-3; cot-1; am-1 his- I (DGC3651)] described in Sections 
3.5 and 4.2.
For selection of recombinants between am-1 and his-L 
and between am-1 and gul-1 (Section 6.1) the technique 
differed in the amino acid supplements and in the dilutions 
made for the assay of viable spores.
2.3 STATISTICAL METHODS
Prototroph frequency (f) is calculated from a ratio of
two independent variables, a (the number of prototrophs in
15 mis. of a suspension) and c (the number of viable spores
in 6 mis. of a l/800th dilution of the suspension). As both
a and c represent small samples of much larger populations,
they are expected to have Poisson distributions and thus have
variances equal to their means. Thus for both a and c, the
standard error of a particular estimate is equal to the
square root of that estimate. Now the standard error of a
ratio can be calculated from the coefficients of variation of
50athe numerator and denominator. In this case, as f = /c
PLATE 1
A selective A plate showing am-1+ recombinants 
(prototrophs) from a cross between stocks carrying 
alleles am-1  ^ and am-1^ (auxotrophs). A large
proportion of all offspring are also am-1 auxotrophs 
and cannot grow on the medium used. The cross was 477g[A rec-3; cot-1 ; sp am-1 (SM252) x a rec-3; cot-1 ;
am-1 his-1 (DGC3651)]
An assay C plate from the same cross, showing all viable 
offspring (prototrophs and auxotrophs) present in an 800 
fold dilution of the same spore suspension that was 
spread on the selective A plate.
Three am-1+ prototrophs from the selective A plate shown 
at approximately ten times life size. Also appearing as 
black dots are the am-1 auxotrophic spores.
A test of the proximal flanking markers (sjd(B132) and sp+ ) 
of twenty am-1 + prototrophs from the same cross. A small 
piece of each has been inoculated on a medium which 
allows the dense, compact colonies (_sjd) and the large, 
diffuse ones (sp+ ) to be distinguished.
A test of the distal flanking markers (his-1(K83) and
his-1+) of the same twenty prototrophs. Each has been
inoculated in an equivalent position on a plate
*1»supplemented to allow growth of his-1 colonies alone. In 
conjunction with the sjd and _S£+ classification, the 
distribution of flanking markers is: s£ his-1+ 0,
sp+ his-1 14, sp+ his-1+ 2 and _sp his-1 4 .
(Photos : B. Parr)
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S.E. f 
f —  I \ , ' l I/ \ a / \ C /
= yfa~ and S.E.c = Vc ,
S.E. aj 2 f S.E. c\ 2
and as S.E.a
S.E,f = f
Standard errors of individual estimates of prototroph 
frequencies were calculated using this formula.
For several replicates of one cross, the individual 
values of each of a and c were added, and the weighted mean
of this estimate was calculated by adding the amounts of 
information from each replicate thus:
To test the heterogeneity of prototroph frequencies from
2several replicates, a X test of the relative proportions of
a and c for each replicate was made. At the same time, a
2heterogeneity X was calculated for replicates of the four 
classes of flanking markers among prototrophs, If necessary, 
results from consecutive replicates were pooled to make the 
lowest expectation greater than five. Replicates of one cross 
were usually judged to be homogeneous if the probability was 
greater than 5 per cent for either the data from prototroph 
frequencies or that for flanking markers and greater than 1 
per cent for the remaining set of data. The heterogeneity of
frequency obtained thus: f c. The standard error
results from different crosses were also tested in this manner.
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Standard errors were calculated by assuming a binomial 
distribution of (i) classes of prototrophs with different 
flanking markers (Sections 4.3.1 and 5.3) and (ii) 
recombinants between loci more than one unit apart (Sections 
5.2 and 6.1). Alternately, they were calculated by summing 
coefficients of variation for (i) ratios of prototroph 
frequencies (Section 5*3) and (ii) products of recombination 
fractions (Sections 5.2 and 6.1). The 95 per cent limits of 
expectation of various rare occurrences (Sections 3.3, 4.2, 
5.2, 6.1, 6.2 and 6.3) were calculated from Stevens’ Table 
(Stevens, 194-2).
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CHAPTER 3
CONTROL EXPERIMENTS AND TESTS OF TECHNIQUES
3.1 RELIABILITY OF ASSAY OF VIABLE SPORES
3.2 EFFECT OF SPORE CONCENTRATION
3.3 CROSSES BETWEEN STOCKS CONTAINING THE SAME AM-1 ALLELE
3.4 RELIABILITY OF RESULTS FROM ONE CROSS 
3.3 DIVERSITY BETWEEN CLOSELY RELATED CROSSES
3.6 EFFECT OF DIFFERENT COMBINATIONS OF PARENTAL FLANKING
MARKERS
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3.1 RELIABILITY OF ASSAY OF VIABLE SPORES
Measurements of prototroph frequency depend on an 
estimate of the number of viable spores plated, as well as 
on how many prototrophs are present. In order to test the 
accuracy of the estimate of viable spore frequency used 
routinely (Section 2.2), an experiment was done with 
replications of the assay. gSpores from cross 217 [A rec-3; cot-1; sp am-1 
(SM13^) x a rec-3; cot-1; am-1  ^his-1 (DGC365I)] were 
harvested and separate twenty-fold dilutions were made into 
three B bottles. From each B bottle, two separate forty-fold 
dilutions into C bottles were then carried out. From each 
of the six C bottles, five 3 ml. samples were pipetted on to 
five C plates, giving a total of thirty non-selective 0 
plates compared with the two plated from one C bottle used 
routinely.
The counts of viable spores on these plates are shown 
2in Table 3» 1a* A y  based on the expectation of equality of
all thirty counts is 35*87 which, with 29 degrees of freedom,
gives a probability of between 10 per cent and 20 per cent.
This indicates that the variation observed can be attributed
2to chance. This overall X can be partitioned to test if
there are significant differences between C plate counts
within C bottles, within B bottles and between B bottles.
2These X values are shown in Table 3*1t>> and none are 
significant at the 5 per cent probability level.
TABLE 3.1
BOTTLE
NO.
B 1 B2 B3
C1 1 C1 2 C21 C22 C31 C32
Viables 267 316 278 303 2 9 6 315
spore s 301 2 7 6 2 9 0 283 289 285
on C 253 317 274 2 7 6 3 0 6 2 8 0
plates 3 1 8 2 8 8 248 297 2 8 8 269
3 0 4 31 1 274 276 310 270
TOTAL 1 4 4 3 1508 1364 1435 1489 14 1 9
Table 3 »1 a Counts of viable spores taken from a spore 
suspension diluted 20 fold into 3 B bottles, and a further 
40 fold into 2 C bottles for each B bottle, and plated on 
5 C plates for each C bottle. The results down each column 
are in the order plated, and the C bottles were plated in 
the order left to right across the table.
COMPARISON x 2 D.F. PROBABILITY
B bottles 4.254 2 30#-50$
C bottles, within B bottles 4.909 3 10$~20$
C plates, within C bottles 2 6 . 7 1 24 1 0<Z>~20</>
C plates, TOTAL 3 5 . 8 7 2 9 10$-20$
2Table 3•1b Components of a heterogeneity X calculated on 
the expectation of equal counts on all 3 6 C plates shown in 
table 3•1 a .
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Thus the variations associated with the two dilution 
steps and the sampling of the diluted suspension can be 
attributed to chance.
3.2 EFFECT OF SPORE CONCENTRATION
Conceivably, spores of different genotype could show
different growth responses depending on the total number of
spores on a plate. The following tests were made of
independence of spore concentration and each of prototroph
frequency and the distribution of flanking markers.
Another spore suspension of cross 217 (Section 3»1) was
serially diluted five times by a half on each occasion. The
original and five diluted suspensions were then assayed using
standard techniques. The results for the number of
prototrophs obtained (a) and the assay of (c) viable spores
2are plotted in figure 3.1» A \ test of heterogeneity 
between the six sets is 5*628 which, for 5 degrees of freedom, 
is not significant at the 5 per cent level. The prototroph 
frequency does not vary significantly over the range of 
spore concentrations used. The regression coefficient of 
the prototroph count (a) on the viable spore count (c) is 
0.866 ± 0.0211. When multiplied by fifty, it gives an
estimate of 43.3 ± 1.06 prototrophs per 10^ viable spores for 
this crossc
The results of the effect of spore concentration on 
flanking markers among a sample of the prototrophs are shown
Figure 3 • 1 Regression of the number of prototrophs (a)
on the number of colonies in the assay of viable spores
(c) obtained from a spore suspension and each of five
serial dilutions of it. The cross was 217» b e t w e e n  sp
8 6am-1 and am-1 his-1 lines in rec-3 background. In each
5case, the frequency of prototrophs per 10 viable spores is
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2in table 3*2. A heterogeneity y (with the two smallest 
classes pooled) is 7*980, and with 12 degrees of freedom 
shows that the results are homogeneous at the 5 per cent 
level.
The experiment demonstrates that estimates both of
prototroph frequency and of the distribution of flanking
markers among these prototrophs are homogeneous over the
5 5range 0.90 x 1 Cr to 22.6 x 1 Cr viable ascospores on the five 
selective plates.
3.3 CROSSES BETWEEN STOCKS CONTAINING THE SAME AM-I ALLELE
Prototrophic offspring from crosses between am-1 alleles 
could arise from reversion as well as from recombination.
Such revertant phenotypes could occur by a mutation at another 
locus leading to suppression of the am-1 phenotype, a 
mutation at a second site within the am-1 locus or a true 
back mutation to wild type at the site of the mutant. A 
test of the frequency of such reversions and of the technique 
used to select prototrophs can be made by crossing stocks 
containing the same am-1 allele and plating offspring on 
selective medium.
Table 3*3 gives the results of such crosses for all
thirteen am-1 alleles used in subsequent experiments. Most
"bA mating type stocks used, whether of rec-3 or rec-3 
constitution, were crossed to the original lines of am-1 
which are of a mating type (table 2.1). Most rec-3 and rec-3+
a lines worked with were crossed to one or several of these
TABLE 3 • 2
SPORE
CONCENTRATION 
(spores per ml. xlOJ )
FLANKING MARKERS
sp + + his-1 ± ± sp his-1 To tal
1 - 5 1 5 8 7 1 1 17 1 20
0.771 8 7 5 1 3 2 4 1 20
0 . 4 4 4 4 7 0 9 17 1 00
0 . 2 2 9 4 69 7 20 100
0.128 4 3 9 1 1 1 0 6 4
0.0600 2 26 3 3 3 4
TOTAL
27
366 5 4 91 538
Table 3 - 2 Distributions of flanking markers among a sample
of prototrophs obtained by plating a spore suspension and 
each of five serial dilutions of it. The concentration of 
viable spores per ml. of the original suspension and the 
serial dilutions are estimated by standard assays of viable 
spores. The cross used was 2 1 7 » between sp am-j8 and am-1  ^
his-1 lines in rec-3 background.
TABLE 3-3
am- 1 
ALLELE
NO.
OF
CROSSES
PROTO­
TROPHS
VIABLE
SPORES
( x i o 5 )
95$> CONFIDENCE 
UPPER LIMIT  ^
PR OTOTR OPHS/1 0  3 
SPORES
1 1 1 0 I 6 7 .O 0 .0 180
2 3 0 9 2 . 0 0 . 0 3 2 6
3 8 0 1 6 8 .O 0 . 0 1 7 9
4 7 0 1 0 6 . 2 0 . 0 2 8 2
3 7 0 99.1 0 . 0 3 0 3
6 17 3 6 1 8 . 6 0 .0 125
7 1 0 0 I I 6 . 7 0 .0 257
8 1 4 0 230 .7 0 . 0 1 3 0
9 7 0 1 6 7 . 4 O.OI7 9
1 1 9 0 5 1 9 . 5 0 . 0 0 5 8
1 4 8 0 180 .7 0 . 0 1 6 6
17 4 2 134.4 0 .0 537
19 19 2 239 .7 0 . 0 3 0 1
Tab1e 3♦3 P r o t o t r o p h s  r e c o r d e d ,  and the  e s t i m a t e d  number 
o f  v i a b l e  s p o r e s  a s s a y e d  from c r o s s e s  be tw een  s t o c k s  
c o n t a i n i n g  the  same am-1 a l l e l e .  The l i m i t  o f  p r o t o t r o p h  
f r e q u e n c y  below w h ich  th e  t r u e  v a l u e  l i e s  w i t h  95^ s u r e t y  
i s  g i v e n  f o r  e a c h  a l l e l e .  R e s u l t s  f rom d i f f e r e n t  c r o s s e s  
i n v o l v i n g  b o t h  r e c - 3 and r e c - 3  s t o c k s  have b e e n  p o o le d  f o r  
e ac h  am-1 a l l e l e .
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A lines containing the same am-1 allele. Pooled counts for 
all crosses, and the number of different crosses involved 
are given in table 3*3*
Replicates of four of the 124 different crosses listed 
in table 3*3 are not included. These gave one or several 
prototrophs presumed to be contaminants because, on testing, 
their genotypes were incompatible with their presumed 
parentage, having wrong markers at loci other than am-1. 
Records showed that they could have been progeny of other 
crosses plated on the same day. A carry over of spores 
during harvesting was suspected, and care was taken to 
eliminate it. Replicate tubes of the four crosses were 
plated, and no further prototrophs were observed.
Depending on the allele tested, from 9,2 to 61.9 million 
viable spores were screened. For ten of the am-1 alleles, no 
prototrophs were observed. For the other three am-1 alleles 
(6, 17 and 19) prototrophs were obtained which could have
descended from the parents used. They came from crosses 
heterozygous and homozygous at the rec-3 locus. One of the 
prototrophs from an am-1 cross was lost, but the other six 
were tested by crossing to an am-l+ stock and scanning 
offspring grown on minimal plates containing sorbose and 
glycine. On this medium, am-1 spores show characteristic 
slow, leaky growth with thin germ-tubes and are 
distinguishable from am-l+ spores (Pateman, 1957)* The 
two prototrophs from the am-1 crosses gave progeny with
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am-L phenotype on these plates. The prototrophs are probably
suppressed strains of am-1^, with a mutation at another
+locus leading to am-1 phenotype. They could also be 
heterocaryons containing both am-1 and am-l+ components. For 
each of the other Tour prototrophs, no am-1 oTTspring were 
observed among 1000 progeny. IT a second site mutation is 
responsible Tor prototrophy in these cases, there is 95 per 
cent probability that it is less than 0.60 map units Trom the 
am-1 locus,
For all the data in table 3*3» an upper limit to 
prototroph Frequency can be assigned Tor each allele below
)
which the true value lies with 95 per cent surety, These are
calculated Trom Stevens’ Table (Stevens, 1942), and are
shown in table 3.3* The highest limit is 0.0537 per 10^ spores 
„ ,17 ,17Tor the am-1 x am-1 crosses.
The seven prototrophs listed in table 3»3 are presumed 
to have arisen during or aTter meiosis, as only one or two 
were scored per replicate assay. In another cross between
O  6am-lJ and am-1 lines, a reversion apparently occurred beTore
Fertilization took place. In this case small, distinguishable
prototrophs were recorded at a Frequency oT 20.1 ± 1,08 per
510 viable spores in one oT eleven replicates oT a cross.
3Tests indicated that the reversion was in the am-1 parent 
and, as progeny oT am-1 phenotype were observed in a cross to 
an am-l+ tester, partial suppression oT the am-1 phenotype by
a mutation at another locus is probable
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From Appendix 1 table 3» records show that other
authors have obtained reversions in stocks of am-1J, am-1 ,
17 IQam-1 and am-1 , those in which presumed revertants have 
occurred in this study.
In summary, crosses between stocks containing the same
am-1 allele yield prototrophs very rarely or not at all. The
highest limit for the 13 am-1 alleles tested below which
prototroph frequency lies with 95 per cent surety is 0.0537
5prototrophs per 10 viable spores. In crosses between 
different am-1 alleles where prototroph frequencies are of 
this magnitude, reversion must be considered a possible 
source of prototrophic offspring.
3.4 RELIABILITY OF RESULTS FROM ONE CROSS
If the technique for assay of viable spores is valid 
and if results are independent of spore concentration and if 
reversion provides a negligible contribution to prototroph 
frequency, then the contribution of further possible factors 
to variation can be examined. The following experiment was 
designed to test possible effect of
(i) differences between vegetative sub-cultures used to 
prepare different replicates of a cross,
(ii) differences in environmental conditions experienced 
by replicates of a cross set up on different 
occasions and
(iii) differences in the experimenter’s performance on 
different days of analysis of the replicates.
36
gThree sets of cross 476 [A rec-3; cot-1; sp am-1 
(SM231) x a rec-3; cot-1; atn-1 his-1 (DGC3631)] were made 
on three different occasions, each set using four independent 
conidial isolates (a vegetative sub-culture), and the 
combinations of each isolate replicated in four tubes. Thus 
a total of 48 tubes were prepared. In detail, on the first 
occasion (set 1) four conidial isolates of stock SM231 were 
used (isolates 1, 2, 3 and 4), each being inoculated into 
four tubes to give four replicates. A suspension of 
conidia from one conidial isolate of the other parent, DGC363I, 
was inoculated into all 16 tubes immediately. On the two 
subsequent occasions, the other crosses (sets 2 and 3) were 
made in ways identical to each other and different from the 
first set only in that four new conidial isolates of SM231 
(isolates 3> 6, 7 and 8) and a new isolate of DGC363I were 
used. In this way, the contribution of different conidial 
isolates and of crosses done on different occasions to 
overall variation can be tested.
After incubation at 23°C for from J1 to 96 days, the 
crosses were plated on eight different occasions (days 1-8) 
six single tubes at a time. The tubes were plated in an 
order such that two tubes from each set were plated on each 
day^  the tubes being chosen at random from each set. In this 
way, the contribution to overall variation of the occasion 
of the assay can be measured. Flanking markers were fully 
determined for nine replicates.
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The complete results are given in table 3*4. Tests of
heterogeneity of prototroph frequencies within the twelve
2groups of four replicates gave a X significant at the 3 per
cent level with only one group (set 1, isolate 1) which is
significantly heterogeneous at the 0.1 per cent probability
level. The heterogeneity can be removed by excluding the
replicate tested on day 3» whence the other three replicates
are now homogeneous at the 3 per cent level. That this
replicate is different from the others is shown clearly in
figure 3*2, a histogram of all 48 prototroph frequencies from
table 3*4. Possible explanations for the aberrant replicate
include contamination of, or a reversion in, the crossing
tube, mis-scoring of prototrophs or viable assay spores and
an error in dilution for the viable spore assay. All
subsequent analyses exclude this replicate.
2A heterogeneity X using all 47 remaining replicates
can be calculated using the ratio of the total number of
prototrophs (a) to the total number of viable colonies
counted in the assay (c) as the expected proportion for each
2replicate. This x of 47*11 is shown in the last row of 
table 3*3* With 46 degrees of freedom it is not significant 
at the 3 per cent level. Thus overall the results are 
homogeneous.
This total heterogeneity x^ can be partitioned to give
more information in several ways, two of which are shown in
2table 3*3* In both partitions, the X for comparison between
Tab1e 3*4 Prototroph frequencies of 48 replicates of crossg
476 between stocks A rec-3; cot-1 ; sp am-1 (SM251) and a
rec-3; cot-1 ; am-1  ^ his-1 (DGC3651). The replicates are 
classified into occasions when the cross was made (sets 1-3), 
the conidial isolates used (isolates 1-8), and the day the 
replicate was plated (days 1-8). Also shown are distributions 
of flanking markers among prototrophs for nine of the 
replicates .
TABLE 3.4
SET ISOLATE DAY
PROTOTROPHS
a
VIABLE
SPORE
ASSAY
c
PROTOTROPHS
/105
VIABLE
SPORES
STANDARD
ERROR
FLANKING MARKERS
S £  + + his-1 + + sp his-1 TOTAL
1 1 3 193 84 114.9 15.02
1 324 205 79.0 7.05
5 243 204 57.6 5 • 66
7 205 143 71.7 7.81 16 132 28 29 205
2 6 210 130 80.8 9.01
6 263 228 -57.7 5.22
8 362 267 67.8 5.47
1 265 205 64.6 6.01
3 4 46l 296 77.9 5-80
4 284 188 75-5 7.10
7 339 238 71.2 6.02
2 290 200 72.5 6.66
4 8 162 113 71.7 8.79
2 268 185 72.4 6.92
5 292 163 89.6 8.76
3 242 143 84.6 8.93
TOTAL* 4210 2908 72.4 1.72
2 5 5 318 208 76.4 6.82 19 223 40 36 318
8 327 250 65.4 5.49 27 214 36 50 327
1 420 303 69.3 5.22 34 272 54 60 420
3 238 141 84.4 8.97 18 170 20 30 238
6 8 227 141 80.5 8.63 11 168 21 27 227
3 313 201 77.9 7.04
5 318 221 72.0 6.30
7 260 182 71.4 6.90
7 2 275 205 67.1 6.19 13 185 39 38 275
6 293 227 64.5 5.71
2 221 148 74.7 7.93
7 220 152 72.4 7.63
8 4 257 168 76.5 7-59 15 167 31 44 257
4 331 228 72.6 6.25
1 352 219 80.4 6.92
6 316 195 81.0 7-38
TOTAL 4686 3189 73.5 1.68
3 5 3 366 234 78.2 6.55
4 375 214 87.6 7.51
5 454 304 74.7 5.53
6 412 253 81.4 6.50 32 273 46 61 412
6 5 347 236 73.5 6.20
1 439 309 71.0 5.28
3 265 175 75-7 7-38
8 368 217 84.8 7.26
7 7 329 218 75.5 6.59
6 374 277 67.5 5.35
4 403 254 79.3 6.36
8 333 213 73.1 5.82
8 2 389 266 78.2 6.86
2 449 292 76.9 5.78
7 357 230 77.6 6.56
1 404 282 71.6 5.56
TOTAL 6o64 3974 76.3 1.55
GRAND*
TOTAL 14960 10071 74.3 0.950 185 1804 315 375 2679
* Totals exclude first entry in the table (viz. set 1, conidlal isolate 1, replicate plated on day 3).
Figure 3«2 A histogram of the prototroph frequencies in
table 3.4 obtained from 48 replicates of one cross. The
5replicate with frequency between 110 and 115 per 10 is the 
first entry in table 3*4. It has not been used in the 
estimate of the mean and its standard error, nor in the 
heterogeneity tests summarized in table 3*5*
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TABLE 3»5
HETEROGENEITY
COMPARISON 2X D.F. PROBABILITY
Be tween se ts 3 . 0 9 6 2 2 0 #-30#
Be tween 
se t s
i s o l a t e s ,  w i th in
13.32 9 10#-20#
Be tween 
i s o l a t e s
r e p l i c a t e s ,  w ith in  
and se ts 30.59 33 30#-70#
Be tween se ts 3 . 0 9 6 2 2 0 # - 3 0 #
Be tween days, w ith in  se t s 15.37 2 1 8 0 # - 9 0 #
Be tween 
days and
r e p l i c a t e s ,  w ith in  
se ts 29-65 23 1 0 # - 2 0 #
Be tween r e p l i c a t e s ,  TOTAL 57.12 56 30#-30#
2
Tab1e 3» 3 Total he te rogene i ty  X Tor pro to troph  frequencies  
o f 5 7 r e p l i c a t e s  oT one cross shown in  table  3*5. Replicate  
3 of i s o l a t e  1, s e t  1 i s  excluded. Two d i f f e r e n t  
p a r t i t i o n in g s  of the t o t a l  X^  are shown. The f i r s t  separa tes  
he te rogene ity  between se t s ;  and w ith in  s e t s ,  between and 
w ith in  i s o l a t e s .  The second separa tes  he terogeneity  between 
se t s ;  and w ith in  s e t s ,  between and w ith in  days of assaying.
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sets using the deviations of the set totals has been
separated. Its value indicates no significant differences
between sets (\2 = 3.096, 2 D.F., 20% < P < 30%) . The
remaining \2 has been partitioned in two different ways.
The first is shown in rows 2 and 3 of table 3*5 and
separates \2 values based on comparisons within and between
isolates, within sets. The second partition is in rows 5
and 6, and the two components in this case are based on
comparisons within and between days of plating, also within
2sets. None of these four \ tests are significant at the 5
per cent level suggesting that neither the conidial isolate
used nor the day of plating make a significant contribution
2to the variation observed. As none of the component  ^
values separated are significant, variation due to 
interaction effects between the two classifications is 
probably small.
Flanking markers were recorded for nine replicates 
chosen in a systematic way shown in table 3.4, A heterogeneity 
test of these results gives an \ of 27.75* With 2k degrees 
of freedom, it is not significant at the 5 per cent level of 
probability, indicating that distributions of flanking 
markers are repeatable for replicates of a cross.
In summary, excluding one replicate in which an 
experimental error has probably occurred, prototroph 
frequencies of 47 replicates of a cross are homogeneous. 
Flanking marker distributions of nine replicates of the same
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cross are also homogeneous The homogeneity is not affected 
by whether or not the replicates are set up on different 
occasions- are made using different conidial isolates or 
are assayed on different days,
3c5 DIVERSITY BETWEEN CLOSELY RELATED CROSSES
Results from replicates of a cross using one pair of 
parental stocks have been shown to be statistically 
homogeneous? The variation between different crosses of the 
same constitution made with different parental stocks has not 
been tested Such a test would give an indication of how 
readily generalizations can be made from results of one cross 
and whether results from different crosses can be pooled.
Early in the study it became apparent that large 
differences in prototroph frequency occurred between stocks 
of the same genotype whereas distributions of flanking markers 
were often not significantly different Results from a 
series of crosses illustrating these points follows. At the 
same time, a detailed outline of the statistical treatment 
of the results is given to illustrate the methods used in 
subsequent analyses.
Crosses of stock DGC3651 (a rec-3; cot-1; am-1 his-1)gwith five lines of constitution A rec-3; cot-1; sp am-1 
were analysed. The first cross, 217 (see also Sections 3«1g
and 3*2), had SM13^ as the sp am~l parent. This stock was 
then crossed to SM46 (a rec-3; cot-1; sp) and four progeny
of the same genotype as SM13^ were isolated (SM250, 251, 252
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and 253)» These in turn were crossed to DGC365I, the am- 
his-1 tester, in crosses 475 to 478 (see also Section 3*4 Tor 
cross 476 and Section 4.2 Tor cross 477)» Thus, one stock 
and Tour oT its oTTspring were crossed to one tester stock. 
Results Trotn these crosses are given in tables3»6 and 
3-7« Within crosses, prototroph Trequencies are homogeneous 
at the 5 per cent level Tor three crosses and at the 2 per 
cent level Tor two crosses. Only one oT the Tive sets oT 
Tlanking marker results are heterogeneous at the 5 per cent 
level and these, Trom cross 477» are heterogeneous at the 1 
per cent level. Most oT this heterogeneity can be removed by 
leaving out replicate 2, as shown in table 3«7. The excess 
oT the sjd _+ class and a corresponding deTiciency oT the sp 
his-1 class in this replicate can be explained by 
contamination oT the cross or mis-scoring oT the tester 
plates. Its removal does not alter the heterogeneity 
between prototroph Trequencies oT the other Tive replicates, 
so the second possibility may be more likely. All oT the 
results within crosses are now homogeneous at the 5 per cent 
level oT signiTicance Tor either the prototroph Trequencies 
or the distributions oT the Tlanking marker classes, and at 
the 1 per cent level Tor the other class oT results. Thus, 
under the criterion outlined in Section 2.3, all results 
are homogeneous, Results given in all Tollowing sections 
will be tested Tor heterogeneity within crosses in a similar 
way. The details oT the tests will not be recorded except to
TABLE 3.6
CROSS
NO.
NO. OF 
REPLICATES
NO. OF 
PROTO- 
TROPHS 
(a)
VIABLE
SPORE
ASSAY
(c)
PR0T0-
TROPHS
/105
SPORES
STANDARD
ERROR
HETEROGENEITY 
X2 D.F. PROB.
*217 8 2941 3604 40.8 1.01 14.16 7 2%- 5%
475 8 6809 4569 74.5 1.42 10.47 7 10%-20%
476T 47 14960 10071 74.3 0.950 47.11 46 30%-50%
477 6 1711 1492 57.3 2.01 11.08 5 2%- 5%
477 5 1493 1313 56.9 2.12 10.66 4 2%- 5%
478 2 497 381 65.2 4.41 1.864 1 10%-20%
* including results from figure 3.1 
t results from table 3.4
Table 3.6 Heterogeneity of prototroph frequencies from replicates of 
five different crosses of the type sp am-1  ^x am-l^his-l. All crosses 
are rec-3 x rec-3, and have the am-Tohis-1 parent in common. The sp am-1 
parentSgOf crosses 475, 476, 477 and 478 are different offspring of the 
sp am-1 line used in 217.
TABLE 3.7
CROSS
NO.
NO. OF 
REPLICATES
FLANKING MARKERS HETEROGENEITY
sp + + his-1 + + sp his-1 TOTAL 2X D.F. PROB.
217* 8 79 784 122 198 1183 13.55 18 70%-80%
475 2 32 205 33 50 320 1.371 3 70%-80%
476t 9 185 1804 315 375 2679 21.75 24 50%-70%
477 6 68 483 92 117 760 32.89 12 0.1%-1.0%
477 5 48 399 82 111 640 11.08 9 20%-30%
478 1 11 159 33 30 233 - - -
TOTALtt 355 3351 585 764 5055 20.12 12 5%-10%
* including results from table 3.2 
t results from table 3.4 
tt excluding one replicate of 477
Table 3.7 Heterogeneity of the distributions of flanking markers  ^
from replicates of five different crosses of the type sp_ am-l  ^x am-1 his-1. 
Also shown is a heterogeneity x2 based on a comparison of the totalsof' the 
crosses. All crosses are rec-3 x rec-3, and have the am-l6his-1 parent in 
common. The sp am-1^ parents of crosses 475, 476, 477 and 478 are 
different offspring of the sp am-l^ line used in cross 217.
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indicate where a replicate has been left out in order to 
reach an acceptable level of homogeneity.
Inspection of prototroph frequencies and their standard 
errors (table 3.6) shows that they cover an almost two-fold 
range. Cross 217 is lower than the other four and, within 
these, 477 differs from 475 and 4 7 6 . As all crosses are 
homozygous for r ec-3, the variation is probably due to other 
genetic differences between the stocks with small effects on 
prototroph frequencies.
A heterogeneity test of the distribution of flanking 
markers (table 3.7) shows them to be homogeneous at the 5 per 
cent probability level. Background genetic differences 
between these stocks do not appear to affect their flanking 
marker behaviour significantly. However, further experiments 
(see Sections 3 «6 and 5»1) show that there are such 
differences between other stocks.
In conclusion, the differences between the prototroph 
frequencies of five crosses between closely related stocks 
of the same genotype are highly significant and cover an 
almost two-fold range. However, the distributions of flanking 
markers of these crosses are homogeneous at the 5 per cent 
level and they can be pooled validly.
3.6 EFFECT OF DIFFERENT COMBINATIONS OF PARENTAL FLANKING
MARKERS
The formation of amination-1* prototrophs in crosses 
between different am-1 alleles usually requires a
recombination event. The chromatids involved in this event
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were labelled by using allelic differences at the closely 
linked loci _sp> (proximal) and his-1 (distal). For any one 
am-1 allele pair, there are four types of cross differing in 
the combinations of these flanking markers used in the 
parents. The following results were collected to test if 
all four types of cross gave the same general result, with 
no viability differences between the flanking markers used.
At the same time, variation of flanking marker patterns was 
followed through a pedigree.
The allele combination am-1  ^ x am-1 ^  was chosen and all 
crosses were homozygous for rec-3. The pedigree of the 
stocks used and the crosses analysed are shown in Appendix 2 
tables 1 and 2. In summary, two stocks of constitution sjd 
am-1 (DGC634o) and ap am-1 (SM314) were crossed with each
zT -i -1
of am-1 his-1 (DGC3651) and am-1 his-1. (SM303) tester 
lines. Individual offspring of the same constitution as 
the sp parent were selected through two generations and each 
was crossed to the am-1 his-1 tester of different am-1 
constitution. Other third generation offspring were also
selected from the two second generation crosses homozygous
6  1. 1. ^  for am-1 and am-1 . These were of constitutions sjd am-1
his-1, am-1^ , sp am-1^  his-1 and am-1 ^  and they were
intercrossed such that all crosses were between arm 1 ^ and
am-1  ^ lines, with all heterozygous at both flanking loci.
Results of assaying prototrophs from 18 crosses between
^ 1 I
am-1 and am-1 in rec-3 background are shown in table 3*8.
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The prototroph frequencies obtained range from 51*2 to 121
5per 10 viable spores. The differences observed are much 
more than can be accounted for by chance. Variation 
between the more closely related crosses is less, suggesting 
that it is to some extent inherited. Because the 
differences are relatively small and a continuous range of 
frequencies occurs, the variation can have no simple genetic 
explanation.
The classifications for flanking markers in progeny of
these 18 crosses are also given in table 3*8. They are in
z
common terms such that the markers present in the am-1 
parent are symbolized P and D, where P is the proximal and D 
the distal marker. The proximal and distal markers of the 
am-1^  parent are symbolized p and d respectively. Among the 
prototrophic progeny, the four classes are thus PD, pd, pD 
and Pd.
Heterogeneity tests of the frequencies of the classes of
flanking markers in crosses with the same constitution
(shown in table 3*8) are listed in the first part of table
3.9 . The results within the four types of cross are
homogeneous at the 5 per cent level, allowing the pooling of
the flanking marker results within each.
These pooled totals can then be compared when expressed
2in common terms. A X calculated on this basis is shown in 
table 3*9 and has a value of 29.66. This is highly 
significant, having a probability of less than 0.1 per cent
with 9 degrees of freedom
TABLE 3.9
HETEROGENEITY-
COMPARISON
2
X D.F. PROBABILITY
746, 920, 1191, 1207, 1 209 13.48 1 2 2 0 $~3 0 $
7 6 1 , 9 3 0 , 1 1 9 8 , 1 2 0 6 , 1 2 0 8 3.309 1 2 9 0 # - 9 5 #
1283, 1 2 8 6 , 1 2 8 8 , 1314 9 . 6 3 7 9 30$-50$
1281, 1282, 1283, 1284 12.34 9 10$-20$
TOTALS 29.66 9 < 0.1$
PD : pd
(w ith in  p a re n ta l s ) 6 . 6 8 9 3 3$-10$
pD : Pd
(with in  recombinants) 2.238 3 50$-70$
PD + pd : pD + Pd 
(p a re n ta l s  : recombinants) 20.74 3 < 0 . 1 $
2
Table 3 »9 Heterogeneity X t e s t s  of the d i s t r i b u t io n s  of 
f lank ing  markers of the e ighteen crosses l i s t e d  in  table  
3*8. The f i r s t  four X^  values t e s t  he te rogene i ty  w ith in  
crosses of the same f lank ing  marker c o n s t i t u t io n .  The other 
four t e s t  he terogeneity  between t o t a l s  of these c rosses .
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What are the factors contributing to this heterogeneity?
Firstly, there may be differences in viability of the
combinations of mutants used as flanking markers. This may
be tested as follows. Addition of the observed and expected
values for the four specific flanking marker classes from
table 3*8 (_sjd _f , +_ his-1, _+ _+ and sjd his-1) gives the totals
in the last part of the table. The expected values are
calculated on the assumption of equal viability by
apportioning the grand totals of the PD, pd, pD and Pd
classes among the four types of cross in proportion to the
2total number recorded in each. A X calculated using the 
observed and expected values is 4.323 which, with 3 degrees 
of freedom, has a probability of between 20 per cent and 30 
per cent. Thus there are no significant effects due to 
viability differences between the mutants used as flanking 
markers.
Secondly, the distributions of flanking markers could be
affected by genetic differences between the stocks used.
2These could be disclosed by calculating heterogeneity X
values between pairs of the four classes of flanking markers
2taken singly or together. Three such non-orthogonal x 
values are given in table 3*9« The heterogeneity of the two 
classes with parental combinations of flanking markers (PD 
and pd) is not significant at the 3 per cent level, nor is 
a similar X calculated for the two recombinant calsses (pD 
and Pd). The proportions of pooled parental classes (PD + pd)
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and the pooled recombinant classes (pD + Pd), are, however, 
significantly heterogeneous at the 0. 1 per cent level.. By 
reference to table 3.8? the largest difference in these 
proportions occurs in the first two classes of cross listed, 
where the flanking markers are in repulsion.
These flanking marker results can be shown graphically 
on a square root chart (Fisher and Mather, 1943; Mo steiler 
and Tukey, 1949). If the square roots of a set of binomial 
frequencies are plotted on a graph with linear scales, the 
degree of scatter of the points gives an indication of their 
homogeneity. If a line is drawn passing through the origin 
and the square roots of the means of the two frequencies, 95 
per cent of the points of a homogeneous set of frequencies 
fall within two lines parallel to and one square root unit 
from it.
The results from table 3*8 are shown in this form in 
figure 3»3* Most points lie within the 95 per cent 
confidence limits. The chart of the pooled parental and 
pooled recombinant classes for the two repulsion crosses 
(figure 3*3c), shows that two values are outside these 
limits. These classes were earlier identified as 
contributing the largest component to the overall 
heterogeneity.
To conclude, significant differences were observed 
between the four groups of crosses with different 
combinations of parental flanking markers. This heterogeneity
Figure 3«3 Square root charts of the distributions of 
flanking markers from the four classes of crosses with 
different combinations of parental flanking markers shown 
in table 3*8. The crosses were all homozygous for rec-3 > 
and were all between lines of am-1 and am-1 . Chart a)
shows the two am-1+ progeny classes parental for flanking 
markers, while chart b) is for the two recombinant classes. 
Charts c) and d) show the pooled parental classes plotted 
against the pooled recombinant classes. The three lines on 
each chart represent the means and 95 per cent confidence 
limits of the pooled results. The results on charts c) and 
d) have been separated for clarity but the three lines on 
these charts are the same and based on pooled results from
Z 11both. The key to symbols is: o sp am-1 _+ x _+ am-1 his-1, 
• + a m ~ ^  his-1 x sjd am-1 ^ ^ +_, A sp am-1 ^ his-1 x _+ am-1 ^ 1 +_
, A ,6 ,11and k +_ am-1 _+ x sp am-1 his-1.
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am-l stock used, or to a line closely related to it (see 
Section 3» 3)« Next, thirteen a rec-3; cot-1; am -1 ~ his-1. 
stocks, one for each am-l allele, were selected and their 
am-l constitutions also verified.
The thirteen sjp am-lX stocks (or their inbred offspring 
as specified below) and the thirteen am-ly his-1 stocks were 
then intercrossed and prototrophic offspring assayed for 
frequency and flanking marker composition. Six of the seventy 
eight possible crosses involving different pairs of alleles 
were impracticable because of strong complementation. Fifty 
five of the remaining seventy two were examined (table 4.2). 
These were sufficient to place twelve of the alleles 
unambiguously in order at eleven sites.
A map of these sites (figure 4.1) was built up in the
following way using1 the two criteria discussed above. The
x 6original sjd am-l lines were crossed to the am-l his-1 line
DGC3 6 3 I, with the results shown in the first twelve rows of
table 4.2, All of the alleles map distally to am-l , The
same ap am-l lines were then crossed to the am-l his-1
stock SM303, with the results in the second block of twelve
1 3 9crosses in table 4.2. The results place am-l and am-l
11 7distally to am-l . The first samples did not place am-l
8 11and am-l with respect to am-1 and more were assayed.
7 11These placed am-l proximally to am-l , but the position ofg
am-l was still unresolved. All the other alleles mapped
11proximally to am-l.
Table 4.2 Frequencies and distributions of flanking markers
of am-1+ prototrophic progeny from crosses of the general
X Vconstitutution sp am-1 x am-1 his-1 . The particular am-1 
alleles used are listed in the first two colums. All crosses 
are of rec-3 x rec-3 constitution. The results are grouped
in blocks in the order of their treatment in the text.
TABLE 4,2
PARENTS PROTOTROPHIC PROGENY
am-lX 
S£ +
am-ly 
+ his-1
NO. OF 
PROTOTROPHS
FREQUENCY
/1 0 5
SPORES
FLANKING MARKERS
ERROR -SE ± + his-1 ±  ± sp his-1 TOTAL
14 6 381 1 3 .4 0 .7 7 3 33 138 34 35 2 4 0
4 6 1 4 1 7 5 9 .6 2 .3 4 25 159 29 27 2 4 0
2 6 8 2 4 * 3 3 .8 1 .5 2 35 137 34 34 2 4 0
19 6 115 7 7 3 .4 3 .3 6 31 209 45 75 3 608 6+ 149 3 * 5 6 .9 2 .1 2 48 399 82 111 6 4 0
5 6 536 6 3 .2 4 .0 9 19 158 30 33 2 4 0
17 6 1337 131 6 .8 0 13 164 30 33 2 4 0
1 6 593 4 7 .8 2 .7 2 23 144 35 38 2 4 0
7 6 1266 98.1 4 .7 4 25 159 31 25 2 4 0
11 6++ 532 8 4 .7 5 .9 2 22 l4 o 37 4 l 2 4 0
3 6 1932 7 1 .5 2 .5 1 43 383 107 107 6 4 o
9 6 788 7 6 .1 4 .3 0 10 149 34 47 2 4 0
6 11§ 684 * 6 2 .0 3 .5 4 161 19 4o 2 0 2 4 0
14 11 1311 8 0 .0 3 .5 6 149 46 31 14 2 4 0
4 11 557 4 8 .9 2 .9 1 141 23 42 34 24 0
2 11 426 5 1 .2 3 .4 7 131 36 35 38 2 4 0
19 11 361 3 3 .7 2 .3 0 99 68 30 43 2 4 0
8 11 7 40 3 3 .0 1 .5 6 187 22 0 92 101 6 00
5 11 256 9 .5 0 0 .6 4 7 116 51 28 17 212
17 11 279 6 .0 9 0 .3 8 5 119 49 39 33 2 4 0
1 11 286* 1 .9 8 0 .1 1 5 113 67 49 57 286
7 11 932 7 .9 2 O .2 7 8 25 3 205 138 164 7 6 0
3 11 151 0 .4 4 4 0 .0 3 5 3 23 75 22 31 151
9 11 284 2 .7 6 0 .1 6 5 6 l 161 34 28 28 4
7 8 1594 4 5 .3 1 .5 5 56 97 32 55 2 4 0
3 8 383 3 0 .0 2 .5 1 11 76 18 15 1 2 0
8 9 153 1 9 .3 1 .8 4 88 17 l o 5 120
f 3 7 11 1 .6 4 0 .5 0 2 5 5 0 1 11
1 7 3 436 2 .8 6 0 .1 3 9 176 105 72 83 436
7 9 219 9 .7 2 0 .7 1 5 47 20 20 33 12 0
3 9 19 0 0 .5 3 2 0 .0 3 8 4 90 52 24 24 19 0
2 19 2 O .0271 - 1 0 1 0 2
2 14 215 1 7 .8 1 .4 2 13 83 13 11 120
2 4 2 0 9 * 3 .8 6 O .2 7 6 43 126 21 19 2 0 9
f 2 8 704 7 .9 3 0 .3 2 1 112 196 57 35 4 00
l  8 2 342 8 .0 7 0 .4 7 0 95 38 21 46 2 0 0
2 5 164 5 .0 1 0 .4 0 2 71 19 15 15 12 0
2 17 4o4 3 7 .5 2 .4 7 84 6 13 17 120
7 2 314 4 7 .9 3 .7 1 39 180 41 54 314
14 19 1 1 9 3 6 5 . 8 2 .9 0 84 11 12 13 120
4 19 249 9 .2 4 0 .6 3 4 75 15 14 16 120
f 8 19 396 5 .9 4 0 .3 1 5 133 180 30 52 395
(19 8 205 6 .7 4 0 .5 0 1 66 74 43 22 2 0 5
5 19 126 3 .2 5 0 .2 9 9 16 79 9 16 120
17 19 415 2 4 .1 1 .4 4 23 57 24 16 120
7 19 364 3 5 .6 2 .4 4 23 59 19 19 120
4 14 386 1 8 .9 1 .1 3 11 75 10 24 1 2 0
8 14 786 3 6 .8 1 .7 3 19 72 l 4 15 1 2 0
4 8 342 1 5 .8 0 .9 7 7 58 17 29 16 120
5 8 157 7 .4 8 0 .6 3 2 28 66 5 21 1 2 0
8 17 50 0 3 9 -3 2 .3 5 59 31 16 14 12 0
5 17 155 9 .1 6 0 .8 0 0 76 24 10 10 12 0
5 7 122 1 0 .7 1 .0 6 62 19 23 16 1 2 0
7 17 135 6 .7 5 O .6 1 9 25> 63 13 19 12 0
1 4 572 2 3 .I 1 .1 7 12 74 11 23 12 0
1 8 597 2 9 . 0 1 .4 9 9 66 21 24 120
1 5 297 1 3 .7 0 .8 9 7 20 55 19 26 12 0
1 17 l 4 o 1 .0 8 0 .0 9 0 6 31 60 28 21 l 4 o
/  1 7 17 3 .2 3 0 .8 0 9 10 1 2 4 17
l  7 1 l 4 o 4 .6 3 0 . 4o4 37 52 22 29
l 4 o
* one replicate omitted to attain homogeneity.
+ Cross 477. See tables 3.6 and 3.7 for other crosses of the same constitution,
ft Cross 7 6 1 . See table 3.8 for other crosses of the same constitution.
5 Cross 746. See table 3.8 for other crosses of the same constitution.
The first twenty four crosses in table 4.2 have been 
listed separately for comparison with results in table 5*5- 
All subsequent crosses are in blocks according to the order 
of the following analysis. The _S£ am-1 stocks used in these
crosses were second generation offspring of the original s q
x 6am-1 lines inbred with DGC365I (a rec-3; cot-1; am-1
7 2his-1) . The only exception was the _sjd am-1' x am~l~ his-1.
7cross, in which the original sjd am-1 line was used.
3 7 8 QAll combinations of am-l^, am-1' , am-1 and am-1. were
then tested to map the region distal to am-1^^ and to
7 8determine the positions of am-1' and am-1 . The
unambiguous order, proximal to distal, was 8-7-3-9* Since 
7 11am-1 is proximal to am-1 , the order 8-7-11-3-9 can be 
deduced.
Fincham (1967) obtained no prototrophs among ”in the
2region of six million ascospores" in crosses of am-1 and 
19am-1 . In a similar cross in the present results, only two 
prototrophs were found among 7-37 million ascospores. This 
prototroph frequency (0.0271 per lCr viable spores) is less 
than the 95 per cent upper confidence limits obtained in 
am-12 x am-12 and am-1^  x am-1^  crosses (see table 3-3)«
It is unlikely that either of these alleles are deletions or 
chromosomal aberrations, as both produce protein which cross 
reacts with antibody to am-l+ gene product (Roberts and 
Pateman, 19^4) and both complement two other am-1 alleles
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(Fincham and Stadler, 1965)* They are probably mutants at
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the same site, and will be treated as such in further 
discussions. Since their gene products apparently have 
different electrophoretic properties (Appendix 1 table 2), 
they may result from different substitutions of the same base 
pair.
2 IQStocks of am-1 and am-1 were then crossed to all other
alleles mapped between am-1 and am-1 , except am-1 which
2 19complements am-1 and am-1 strongly. Without ambiguity,
14 4 5these crosses placed am-1 and am-1 proximally to, and am-1 ,
17 7 2 19am-1 and am-1 distally to, the site of am-1 and am-1 ,
gHowever, am-1 could not be placed unambiguously. The first
gcriterion based on pD > Pd placed am-1 distally to both 
2 19am-1 and am-1 , However, the subsidiary criterion based on
8 2PD > pd placed am-1 proximally to am-1 but did not order it
19relatively to am-1 . The results of reciprocal crosses of 
Ö 2 IQam-1 with am-1 and am-1 ~ were heterogeneous at the 5 per 
cent level, implying significant genetic variation. No 
simple explanation is possible and further data are needed to 
resolve the position of am-1  ^ relative to the am-1^, am-1^
gsite. In further discussions, am-l. will be regarded as 
2 19distal to am-1 and am-1 as this order is based on pD > Pd,
considered to be the master criterion.
14 4The allele am-1 was then mapped proximally to am-1 .
gBoth were tested with am-1 and found to be proximal, to it.
2 19 11The region between the am-1 , am-1  ^ site and am-1 was then
mapped. An unambiguous order, proximal to distal., of 8-5-17-7
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was obtained. Finally am-11 was crossed to all alleles
between am-1  ^ and am-11^, apart from am-1  ^, am-12 and am-1^
each of which it complements strongly. It was placed
17 7unambiguously between am-1 and am-1 ,
4.3 DISCUSSION
4.3.1 GENERAL CONCLUSIONS FROM THE DATA
Twelve sites of allelic difference in the am-1 locus
have been ordered almost without ambiguity using flanking
marker criteria. However, the prototroph frequencies of
this map show many contradictions and poor agreement with
strict additivity. Figure 4,2 shows prototroph frequencies
x 6of crosses between all sjq am-1 stocks and am-1 his-1
(DGC3 6 5 I , upper curve) and am-11-^  his-1 (SM303, lower curve)
plotted against the order of the alleles from figure 4.1. A
general trend of increased prototroph frequency with increased
separation of the sites is apparent, especially with the 
11am-1 crosses. However, the steady increase is broken by 
several fluctuations, signifying inconsistencies in the 
prototroph frequency map. In crosses involving am-1^,
4frequencies apparently plateau with alleles distal to am-1 , 
since with these the regular increase is slight or perhaps 
even absent.
Figure 4.2 also shows that crosses between distal 
alleles often give relatively low prototroph frequencies, an 
observation also apparent in the other results in table 4,2.
Figure 4.2 Prototroph frequencies from table 4.2 for
rec-3 x rec-3 crosses between thirteen am-1 alleles and 
am-1^ (upper graph) and am-1 ^ ( l o w e r  graph). They are 
plotted in the order of the sites of the alleles shown in 
the map in figure 4.1. The vertical bars at each point 
extend for one standard error of the estimate in each
direc tion.
PR
O
TO
TR
O
PH
S
 
PE
R
 
10
5 
S
P
O
R
E
S
FIGURE 4.2
a m - i x x a m - i e
am - ix x am-i
MAP OF am-1 ALLELES
60
For example, those crosses between alleles distal to and
5including am-1 yield a maximum Frequency of 13-7
5prototrophs per 10 viable ascospores. In contrast, crosses
6 14involving the two most proximal alleles am-1 and am-1
5yield a minimum frequency of 13*4 prototrophs per lCr spores. 
However, several crosses in these two categories have not 
been made, and they might yield prototrophs outside these 
limits. The results could be explained if the sites of the 
distal alleles are physically closer together. Alternatively, 
the events leading to recombination may occur preferentially 
at the proximal end of the locus.
The phenomenon of map expansion (Holliday, 1964, 1968}
is apparent in some of these results. For example, a cross
2 5 5between am-1 and am-1' gave 5.01 prototrophs per 10 spores
5 11and the cross between am-1 and am-1 yielded 9«50
5 2 pro totrophs/10 . In contrast, the cross between am-1 and
11 5am-1 yielded 51*2 prototrophs/10 , nearly four times the
sum of the other two frequencies. However, map expansion is
often masked by the many inconsistencies and also by the
apparently higher prototroph frequencies obtained with
crosses involving proximal alleles.
The flanking marker results in table 4.2 are summarized
graphically in figure 4.3. Results from different crosses
between the same am-1 alleles have been pooled and those of
the am-1  ^ x am-1^  cross omitted. Figure 4.3 is constructed
using the graphical methods proposed by Whitehouse and
Figure 4.3 Flanking marker results from table 4.2 for 
crosses between am-1 alleles in rec-3 background. The 
particular alleles crossed are indicated on the left of 
the figure by horizontal lines between their sites. These 
sites are shown in the map which is from figure 4.1. The 
crosses are listed in an order which will demonstrate 
changes across the locus dependent on the position of the 
proximal site. PD, pd, pD and Pd represent the four classes 
of flanking markers among am-1+ recombinant progeny. The 
parent carrying the allele with the proximal site also 
carries the flanking markers PD. The key to symbols is:go crosses involving am-1 , • all other crosses. The 
horizontal lines at each point extend for one standard 
error of the estimate in each direction (calculated
using the binomial distribution).
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Hastings (1965). The pairs of alleles crossed are indicated 
down the left of the figure and they are in the same order 
as shown in figure 4.1, Use of this order will indicate any 
trends across the locus dependent on the position of the 
proximal allele of a particular cross. None of the 
frequencies shown have been corrected for additional crossing 
over between the flanking loci, as these are relatively close. 
The first graph shows the percentage of prototrophs 
recombinant for flanking markers. This ranges from 12.5 to 
44.2 per cent with a mean of 29.5 per cent. There is more 
variation than can be attributed to chance, but it is not 
obviously associated with map position. The second graph 
shows the pD class as a percentage of both recombinant 
classes pD and Pd. It ranges from .37 • 7 to 80.8 per cent with 
a mean of 53*3 per cent. It is never significantly less than 
50 per cent because the master criterion for mapping states 
that the larger of these classes is pD if there is a 
significant difference between them. Here also the apparently 
significant variation is not associated with map position and 
is probably due to background genetic variation in the stocks 
used.
The third graph in figure 4.3 shows the percentage of 
the two classes with parental associations of flanking 
markers which are PD. In this case much more variation 
occurs. The mean percentage is 73*4 per cent with a range 
from 34.0 to 93»7 per cent. It is significantly less than
62
50 per cent only for the cross atn-l x am-1 . This cross 
provided the only conflict between the orders derived from 
the two criteria pD > Pd and PD > pd and, as the former is 
considered the master criterion, PD was of necessity 
significantly less than 50 per cent.
The percentage ^^ yfpD + pd) shows a tendency to decrease 
down the graph, that is as the proximal site moves from 
proximal to distal ends of the am-1 locus. (The trend is moregconsistent if crosses involving am-1 (indicated with open
dots) are not considered. This allele is not placed
confidently and stocks involving it display appreciable
genetic variation.) The first twenty four crosses listed (all
6 14those involving the three most proximal alleles am-1 , am-1 
and am-1^) show a minimum percentage ^/(pD + pd) of 7 ^»6 per 
cent ± 3*35 per cent. In contrast, the last fifteen crosses 
(all between alleles distal to and including am-1 ) give 0/35 
maximum percentage of 76.5 per cent ± 4.28 per cent. Thus, 
the polarity of apparent conversion in am-1 extends across 
all of the locus such that in crosses between any pair of 
alleles, the proximal one is always converted to wild type 
more frequently. Thus the second criterion (PD > pd) can be 
validly used as no reversal of polarity is shown. However, 
the differences in apparent conversion frequency between the 
two sites are smaller if both of them are in the distal
region of the locus
6 3
Higher conversion frequencies in the proximal region of 
am~l would also explain the higher prototroph frequencies 
obtained using proximal alleles. Thus, it is less likely that 
this latter observation is due to the proximal sites being 
more widely spaced as was suggested earlier.
The positions of sites of mutants with similar 
properties as an indication of regional differentiation of 
function is considered in Appendix 1.
To summarize: (i) Prototroph frequencies from crosses
between mutants whose sites map distally are lower than those 
involving proximal mutants. (ii) About a third of the 
prototrophs from any cross show recombination between flanking 
markers. (iii) Among these, significant asymmetries between 
the two classes occur in only ten of the fifty five different 
crosses. These were used to order the alleles showing the 
significant asymmetry. Differences in the relative magnitude 
of these two classes are not associated with map position,
(iv) The remaining prototrophs show no recombination between 
flanking markers and significant asymmetries between the two 
classes occur in all but two of the fifty five crosses. In 
conjunction with the order derived above, these asymmetries 
were used to map twelve of the thirteen alleles unambiguouslygat eleven sites. The thirteenth allele am-1 was placed
either immediately proximally or distally to the am-1^,
19 / \am-1 site. (v) As judged from the magnitude of the
asymmetries between the two classes with the same association
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oT flanking markers as the parents, a gradient in the 
frequency of conversion to wild type occurs across the map. 
The more proximal of any two alleles of a cross shows more 
frequent conversion, the excess being larger if this allele 
is close to the proximal end of the locus.
4.3.2 COMPARISON WITH OTHER MAPS OF AM-1
17All of these alleles, except am-1 , have been mapped by
several different authors, but no single study has involved
them all. Pateman (in an Appendix to Fincham, 1967) attempted
to map ten of the alleles (all except am-1^ , am-1  ^ and
19 \am-1 ) using prototrophs frequencies alone. The frequencies
showed many disagreements with strict additivity and there 
were many ambiguities whatever order was chosen. However, 
the least ambiguous is the same as that reported here if the 
position of only two sites are changed. In passing, it is 
of interest that the frequencies reported by Pateman are at 
least four times lower than those in table 4.2 for 
equivalent crosses known to be rec-3 x rec-3> Therefore 
Pateman*s crosses probably all involved rec-3+.
Catcheside (1968) published results from crosses
1 2 ^4- 6 7between the five alleles am-1 , am-1 , am-1 , am-1 and am-1*
in both rec-3 and rec-3+ backgrounds. The rec-3 x rec-3
crosses gave prototroph frequencies with no more than two
fold differences from equivalent crosses reported here. Using
these frequencies, the sites cannot be mapped to give an
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unambiguous order. However, one of the least ambiguous is 
given by Catcheside, and it agrees with that shown in figure 
4,1 for the same five alleles. Catcheside followed 
recombination with marker genes at the his-1 locus flanking 
am-1 distally. Assuming the proximal am-1 allele is that 
carried by the parent whose marker is represented in 
significant excess in the am-l+ recombinants, (as is assumed 
in both criteria used in this study) the five sites can again 
be ordered. One of the two possible orders for rec-3 crosses 
is that reported here.
Fincham (1967) has crossed nine of the alleles (all save 
am-1^, am-1^, am-l^  and am-1^ ) using flanking markers at the 
sp and inos loci, the latter being about five map units more 
distal to am-1 than his-1. The prototroph frequencies were 
of roughly the same relative magnitude as those obtained here, 
but were at least eight times lower in absolute magnitude.
As all the present crosses were rec-3 x rec-3» Fincham*s 
results were probably collected from crosses involving 
rec-3+. This was suggested by Catcheside (1968) based on 
the fact that Fincham* s stocks were back-crossed for six 
generations to a rec-3+ wild type, St, Lawrence 7^ +A.
Fincham was unable to order the alleles unambiguously 
by either prototroph frequencies or data from flanking 
markers. The map he presents is one of several which are 
almost equally convincing. The flanking marker criterion 
used by Fincham stated that the more proximal allele was
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that which entered the cross with the same marker as the 
smaller of the two classes of offspring classified for the 
proximal marker alone (sjd and _s£+). Thus he did not use the 
distal marker, and the distinction between parental and 
recombinant associations of flanking markers was lost. By 
using prototroph frequencies to place sites not ordered by 
this criterion, Fincham obtained a map which shows reasonable 
agreement with that in figure 4.1 for the same nine alleles.
The following disagreements are shown, (i) The relative
1 3  7orders of the three sites of am-1 , am-1 and am~_l are
different. The order given by Fincham is one of several
possible from his results, and one of these agrees with the
unambiguous order obtained here. (ii) Fincham indicates 
2 IQam-1 and am-1 at separate sites, whereas here they are 
considered to map at the same time (see Section 4,2 and 
Appendix 1). (iii) When compared with the map in figure 4,1, 
Fincham* s map is in the opposite direction relative to the 
centromere. If the present data are mapped using Fincham5s 
flanking marker criterion, they give a map in the same 
direction as his. However, if both sets of data are mapped 
based on the two more meaningful criteria used here, there 
is not good agreement. Whereas the asymmetries between the 
two parental classes are usually in the same direction for 
equivalent crosses, and therefore yield the same proximal to 
distal order, the other criterion based on the recombinant 
classes provides conflicting directions. Equivalent crosses
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in the two sets of results may give different proportions of 
these two classes because of genetic differences between the 
stocks used (possibly at the rec-3 locus), or because in 
Fincham* s study relatively more additional crossing over is 
expected between am-1 and the more distant locus of the 
distal flanking markers used by him.
Fincham lists nine crosses between am-1 alleles which 
were not made here. For seven of them, significant 
differences occur between the two parental classes, and the 
direction of the difference is consistent with the order 
shown in figure 4.1.
Thus the map order from the present rec-3 x rec-3 
results is in general agreement with that derived from the 
rec-3+ results of Fincham (1967), although the direction of 
the map is not the same. Differences between the two sets of 
results may be due to differences at the rec-3 locus. The 
effect of rec-3 alleles on recombination and mapping in am-1
is examined in detail in the following chapter
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CHAPTER 5
EFFECT OF REC-3 ON RECOMBINATION IN AM-1
5.1 VARIATION IN THE DISTRIBUTION OF FLANKING MARKERS FROM 
RELATED CROSSES INVOLVING REC-3+
5.2 SEGREGATION OF REC-3 AND REC-3+ AND FACTORS CONTROLLING 
THE DISTRIBUTION OF FLANKING MARKERS
zT 1 "I5.3 EFFECT OF REC-3 ON RECOMBINATION OF AM-I AND AM-1 
WITH ELEVEN OTHER AM-1 ALLELES
6 9
5.1 VARIATION IN THE DISTRIBUTION OF FLANKING MARKERS FROM 
RELATED CROSSES INVOLVING REC-3"
The phenotype of the rec-3/^ec-3+ difference has been
described in terms of differences in prototroph frequency
(Catcheside, 1 9 6 6a, 1 9 6 8). In Section 3 *6 , I described the
distributions of flanking markers from selected rec- 3  x rec- 3
crosses. All crosses were between am-1 and am-1 and
variation in the distributions was followed through several
pedigrees. To compare results from crosses involving rec-3+ ,
data from similar pedigrees were collected in which all
crosses were rec- 3  x rec-3 + »
Details of the crosses made and of the constitutions of
the stocks used are given in Appendix 2, tables 1 and 2. The
pedigrees are almost identical to those outlined in Section
3*6 also shown in the two tables. The same two rec-3 tester
lines of am-1^ his- 1 (DGC3 6 3 1 ) and am - 1  ^  his - 1  (SM3 0 3 ) were
used. However, the two sp am-1^ and sp am-1^  lines of the
first generation crosses, SM103 and SM3 2 2 respectively, were
rec-3+instead of rec-3*• The only other differences were
(i) no crosses were made between _sj3 am- 1 his - 1  and am- 1
stocks and (ii) two offspring (SM7 2 3 and SM724) of one rec-3
x rec~ 3+ cross were tested.
Results of these crosses are given in table 3»1*
Prototroph frequencies range from 6.23 ± 0.408 to 12.9 ± O . 3 6 3
3per 10 viable ascospores, the extremes differing by a factor 
of two. More closely related crosses show less variation in
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frequency, indicating that the differences are largely due
to genetic factors in the stocks. The differences observed
here and in corresponding rec-3 x rec-3 crosses (table 3»8)
are insufficient to mask the rec-3/rec-3  ^ difference. For
the rec-3 x rec-3 crosses the lowest prototroph frequency is
551.2 ± 2.75 per 10 spores, whereas the highest frequency for
■fr* 5rec-3 x rec-3 crosses is 12.9 ± O .565 per lCr spores, still
a four-fold ratio.
2Heterogeneity y tests of the distributions of flanking
markers in table 5.1 are shown in table 3*2. The results
for the first set of crosses (five of the type sjd am-1  ^ x
am-1^  his-1) are shown separately from those of the second
set, (six sjd am -1 ^  x am-1  ^ his-1 crosses). The first
for each set is an overall test using all four classes of
flanking markers. For both sets it is highly significant at
the 0.1 per cent probability level and the results within
sets cannot be pooled legitimately. A further analysis of
2the significant variation present using non-orthogonal \ 
tests is also shown in table 3»2. These tests will be 
considered in conjunction with the discussion of the 
following figure.
Figure 5*1 shows the rec-3 x rec-3+ flanking marker 
results from table 5«1 plotted on square root charts. The 
dotted lines are the means and 95 per cent confidence limits 
of the similar rec-3 x rec-3 crosses from figure 3»3« These 
are drawn so that comparisons between the two sets of results
can be made
TABLE 5-2
HETEROGENEITY
COMPARISON „ 2 X D.F. PROBABILITY
CROSSES 748, 925, 1087, 976, 
1117
PD : pd : pD : Pd 
( o v e r a l l ) 41 . 7 1 12 < 0 . 1 #
PD : pd
(w ith in  p a re n ta l s ) 2 8 . 8 2 4 < 0.1#
pD : Pd
(with in  recombinants) 9.508 4 296- %
PD + pd : pD + Pd 
(pa ren ta l s  : recombinants) 5 . 1 4 3 4 2 0 #-30#
CROSSES 763, 954, 1101, 1102, 
978, 1119
PD : pd : pD : Pd 
(o v e r a l l ) 6 5 . 0 0 15 < 0.1#
PD : pd
(with in  p a re n ta l s ) 7® 1 0 7 5 20#“ 30#
pD : Pd
(with in  recombinants) 1 0 . 1 7 5 5#- 1 0 #
PD + pd : pD + Pd 
(p a ren ta l s  : recombinants) 4 7 . 3 1 5 < 0 . 1 #
2
Table 5«2 Heterogeneity  X t e s t s  of the d i s t r i b u t io n s  of 
f lank ing  markers of the eleven crosses l i s t e d  i n  table  5*1® 
The two se t s  of crosses with d i f f e r e n t  combinations of 
f lank ing  markers in  the paren ts  are t re a ted  sep a ra te ly .
Figure 5 «1 Square root charts of the distributions of
flanking markers listed in table 5*1• All crosses are 
6 1-1between am-1 and am-1 and all are of the constitution 
rec-3 x rec-3* » The dotted lines represent the means and 
95 per cent confidence limits of similar results from 
rec-3 x rec-3 crosses shown in figure 3*3* The key to 
symbols is: o sp am-1 ^ + x + am-1 ^  his-1 and • +_ am-1 ^
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With regard to the classes with parental flanking markers
(PD and pd) the results from the sjd am-1 x am-1 his-1
crosses are not homogeneous and three of them do not differ
significantly from the rec-3 x rec-3 results. In contrast,
all of the sp am-1^^  x am-1  ^his-1. crosses are homogeneous
and different fi’om the rec-3 x rec-3 results. The recombinant
classes (pD and Pd) are relatively homogeneous for both sets
of rec-3 x rec-3f results. The only ones differing
significantly from the rec-3 x rec-3 results are those from
11 6three of the six sjd am-1 x am-1 his-1 crosses. Comparisons
between the parental and recombinant flanking marker classes
(PD + pd and pD + Pd respectively) show that the sj£ am-1U x 
11am-1 his-1 results are homogeneous and not significantly 
different from the mean of the rec-3 x rec-3 results. In 
contrast, the reciprocal crosses ap am-1^  x am-1  ^his-1 are 
heterogeneous and four of the six crosses are outside the 95 
per cent confidence limits of the rec-3 x rec-3 results.
The effect of the rec-3/rec-3+ difference on the 
distribution of flanking markers cannot be described because 
in no cases do all the rec-3 x rec-3+ results differ 
significantly from those homozygous for rec-3. The 
considerable heterogeneity between crosses of the same 
constitution implies that more than one genetic factor is 
involved. The following experiments were carried out using 
more closely related lines in an attempt to reduce all 
genetic variation save that controlled by rec-3» The above
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results will be reconsidered in the light of the conclusions 
from the experiments,
5.2 SEGREGATION OF REC-3 AND REC-3+ AND FACTORS CONTROLLING
THE DISTRIBUTION OF FLANKING MARKERS
Cross 1102 was the rec-3 x rec-3+ cross which gave the 
largest differences from the means of the rec-3 x rec-3 
results (figure 5»1)* To test which (if any) of these 
differences were due to the presence of rec-3+ in 1102, the 
parent carrying this allele was studied further. This was 
SM724 (A rec-3+ ; cot-1; sp am-1^ ), the product of 
inbreeding of a similar stock with DGC365I for two generations 
(see Appendix 2, tables 1 and 2). SM724 was crossed to a
rec-3 tester line and offspring examined to determine if 
differences in the distribution of flanking markers segregated 
in association with rec-3 and rec-3+ •
The rec-3 tester was chosen so that equal numbers of 
rec-3 and rec-3+ offspring of A mating type could be selected. 
The rec-3 locus is between the mating type locus and arginine-3 
on linkage group I (Catcheside, 1968), approximately midway 
between these two loci (D.E.A. Catcheside and D.G. Catcheside, 
personal communication). Stock DGC1552 carries the arg-3 
allele K125 (isolated by D.G. Catcheside) and is derived 
without outcrossing from Emerson a wild type (see table 2.1).
As Emerson a is rec-3 (Catcheside and Austin, 1969)> DGC1552 
must have the constitution a rec-3 arg-3 (K125).
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Stocks SM724 and DGC1552 were crossed together and one 
hundred and twenty offspring of the type arg-3 ; cot~1 ; sp 
were selected and tested for mating type. Thirty eight were 
A, following crossing over between the mating type locus and 
arg-3« This gives an estimate of 31*7 ± 4.2.5 map units between 
these two loci. This is much higher than that found by D.G.
Catcheside (personal communication). Twenty three of these
11offspring of constitution A arg-3; cot-1; sp am-1 were 
then crossed to DGC3561 , the a rec-3; cot-1; am-1^ his-1. 
tester. Offspring were tested for the frequency of am-1* 
recombinants and the distribution of flanking markers among 
them.
Only offspring of arg-3+ genotype could be tested.
Whereas both arginine and citrulline support the growth of 
arg-3 mutants (Srb and Horowitz, 1944), neither could be 
used in this experiment. Arginine was not suitable because 
it supported the growth of am-1 mutants (Fincham, 1950).
Citrulline was also impracticable, as under the conditions 
of this test (sorbose medium supplemented with histidine and 
glycine), it allowed considerable leaky growth of am-1. 
mutants. (This has not been found under other growth 
conditions (Fincham, 1950)). Also, growth of am-14^ 
prototrophs carrying arg-3 was not vigorous with citrulline 
supplement. These two growth patterns overlapped, and the 
two classes of offspring were therefore indistinguishable.
This unexpected result with citrulline prompted a test of
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the original arg-3 line DGC1352. As expected, growth was 
supported by either arginine or citrulline on sucrose medium. 
Also, a complementation test with several arg-1 and arg-3 
mutants gave a result confirming the arg-3 constitution of 
DGC1352.
Prototroph frequencies from these twenty three crosses 
are listed in table 3*3» Their distribution is shown in 
figure 3.2 on a log scale. Eleven of the lines gave a 
weighted mean frequency of 9*35 ± O.636 prototrophs per lCr 
viable ascospores (range: 3*24 to 12.9). The other twelve
Klines gave an average frequency of 76.3 ± 3*78 per 10 spores 
(range: 33«8 to 94.6). These two distributions are 
discontinuous, and allow the unambiguous classification of 
the eleven offspring as rec-3+ and the other twelve as rec-3» 
The ratio of mean rec-3 to mean rec-3+ frequency is 8.16, 
with an approximate standard error of 0.687.
Of twenty three cross-overs between the mating type 
locus and arg-3 * twelve occurred between mating type and 
rec-3, and eleven between rec-3 and arg-3. The mating type 
locus and arg-3 are 31*7 ± 4.23 map units apart (estimated 
above from other analyses of the same cross). Thus rec-3 is 
16.3 ± 3*97 map units proximal to mating type and 13»1 ± 3«64 
map units distal to arg-3. These map distances are shown 
graphically in figure 2.1.
The estimated distance between rec-3 and the mating type
locus is larger than that derived from seventy two crosses
TABLE 5>3
CROSS
NO.
rec-3 
CONST'N
N O . OF 
REPLICATES
NO. OF 
PR0T0- 
TROPHS
PROTOTROPHS 
PER 105 SPORES
STANDARD
ERROR
1 3 0  1 rec-3+ 3 256 9.05 0 . 6 1 0
1 3 0 2 0 +rec-3 2 3 5 ^ 1 0 . 2 0.592
1 303 re c-3 2 770 79.7 4.63
1 304 rec-3 2 980 6 2 . 0 2.96
1305 r ec-3+ 2 272 8 . 4 1 0.551
1 3 0 6 rec-3 3 256 1 0 . 1 0.687
1 308 rec- 3 2 874 82.5 4 . 5 3
1 309 r e c-3+ 3 2 6 8 7 . 4o 0.481
I3 IO r ec-3+ 3 285 12.9 0.841
1311 0 +rec- 3 1 62 5.24 0 . 6 9 9
1312 n +rec-3 1 63 8 . 7 3 1.19
1313 rec- 3 2 11 85 7 4 . 5 3.39
1 289 rec- 3 2 1462 88.2 3.82
1 2 9 0 rec-3 1 153 10.9 0.972
1 291 rec-3 2 1 3 ^ 5 94.6 4 . 3 6
1 292 rec- 3 1* 346 7 5 . 6 6.44
1 294 0 +rec- 3 1 159 8.40 0 . 7 2 0
1295 rec- 3 1 682 77.5 4 . 7^
1 2 9 6 re c-3 1 8 1 4 9 3 . 6 5-56
1 297 rec-3 1 7 6 2 53-8 2 . 8 1
1 2 9 8 rec- 3 1 5 1 6 57-6 3.72
1 299 •frec- 3 1 2 2 8 1 1 . 6 0.853
1 30 o' ” rec- 3 1 643 7 6.6 4.80
one replicate omitted to attain homogeneity
Tab 1 e 5 ° 3 Prototroph frequencies from crosses of twenty 
three sibs of the constitution A arg-3 ; cot-1; sp am-1^1 
with a rec-3 ; cot-1; am-l^his-1 (DCG3^51| • The sibs are 
from a cross segregating for rec-3/rec-3
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used in stock building in this study« These crosses were
relation to crossing over between mating type and rec-3«
Four recombinants were recorded in this region out of ninety 
five offspring. These data place rec-3 4.21 map units from 
the mating type locus, with 95 per cent confidence limits of 
1.16 to 10.3 map units. The upper limit overlaps with the 
lower of the 95 per cent confidence limits (8.72 units) 
calculated from the earlier separate results and therefore 
the two estimates are not significantly different.
Flanking markers were recorded among prototrophs from 
twelve of the twenty three crosses in table 5«3« To avoid 
bias, the first six re c- 3 x rec-3 crosses and the first six 
rec-3 x rec-34 crosses obtained in the course of the 
analysis were chosen. The results are shown in table 5*4.
The rec-3 x rec-3 results are homogeneous at the 5 per cent 
level and the rec-3 x rec-3 results at the 1 per cent level.
The results are plotted in square root charts in figure 5*3« 
The major difference between the two sets of results is in 
the two parental classes, PD and pd. All rec-3 x rec-3 
crosses give a significantly larger proportion of the PD
flanking marker comparisons shown in figure 5e3t>, c and d 
indicate no distinct differences between rec-3 x rec-3 and
all and were unbiassed in
“J"class compared with all. rec-3 x rec-3 crosses The other
+ crosses.
TABLE 5.4
CROSS
NO.
NO. OF 
REPLICATES
PROTOTROPHIC PROGENY
sp + + his- Ih* l+ l+ sp his- 1 To tal
rec-3
1 303 2 18 1 36 52 34 240
1 304 2 34 1 1 5 48 43 240
1 3 0 8 2 37 1 26 38 39 240
1313 2 33 1 1 9 52 36 240
1 289 2 29 1 42 36 33 240
1 291 2 28 1 28 43 4 1 240
TOTAL 179 7 66 269 2 26 1 440
X 2 (h e t e r o g e n e i t y ) = 1 8 .9 7 , 15 D.F., 20$<P<30$
rec-3+
1 301 3 60 105 34 40 240
1 3 0 2 2 59 90 43 48 240
1305 2 47 1 04 48 41 240
1 3 0 6 3 59 71 57 53 240
1 309 3 70 80 46 44 240
131 0 3 64 70 57 49 240
TOTAL 359 5 20 286 275 1440
X 2 (h e t e r o g e n e i t y ) = 2 9 .1 2 , 15 D.F., 1$<P<2$
Table 5*4 Distributions of flanking markers of the first 
six rec~3 x rec-3 crosses and the first six rec~3 x rec-3 
crosses from table 5*3* The crosses are between DGC3651 
(a rec-3; cot-1; am-l6his-1) and twelve sibs of the 
constitution A arg-3 ; cot-1; sp am- 1 ^ .
Figure 5»3 Square root charts of the distributions of 
flanking markers listed in table The parents were
twelve sibs of the constitution of A arg-3 ; co t-1; sp
3-1 6am-1 crossed with DGC3651 > the a rec-3 ; cot-1; am-1
his-1 tester. Results from the six rec-3 sibs are shown
as open circles and those from the six rec-3+ sibs with
solid circles. The means and 95 per cent confidence limits
are indicated for the rec-3 x rec-3+ results separately in
chart a) (PD/pd). In the others, the lines are based on
the pooled results. The rec-3 and rec-3+ results are
separated for clarity in charts c) and d) (PD+pd/pD+Pd).
The lines on these two charts are, however, based on the
averaged data from both charts.
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The results provide evidence of segregation of allelic 
factors controlling the relative proportions of the two 
classes with parental associations of markers. These 
factors have not been separated from alleles of the rec-3 
locus in twelve cross-overs between mating type and arg-3.
They are probably identical to the rec~3 alleles (see 
Section 7» 1*2). However, assuming they are not, we can 
calculate the distance from the rec-3 locus within which the 
locus of the factors lies with 95 per cent probability.
Rec-3 is approximately midway between the mating type and 
arg-3 loci, which are 31»7 map units apart (see above). Thus, 
if p is the probability of crossing over between rec-3 and 
the hypothetical locus, %.317 is the proportion of cross­
overs between mating type and arg-3 which would occur in this 
region. The probability of observing none in this region 
out of twelve between mating type and arg-3 (as in this 
experiment) is (l - 76.317) • If this probability is taken
to be 5 per cent, then p=0.0700. That is, if the probability 
of crossing over between rec-3 and the hypothetical locus is 
7.0 per cent, twelve cross-overs between arg-3 and mating type 
will all occur outside these loci on 5 per cent of all 
occasions. Alternatively, there is 95 per cent chance that 
the locus of the factors controlling distribution of flanking 
markers is within 7*0 map units of rec-3. The relative 
order of rec-3 and the hypothetical locus with respect to the
centrometre is unknown.
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The results in table 5» 1 and figure 5* 1 can now be
reinterpreted. Heterogeneity between results for the two
recombinant classes pD and Pd and in the proportions of
offspring with parental, and recombinant flanking markers
(PD + pd and pD + Pd) are both independent of the rec-3
locus. They probably result from unidentified genetic
factors with small effects. However, among the parental
classes PD and pd, the significant difference of the sjd 
3L 1_ ^am-l x am-1 his-1 results from the rec-3 x rec-3 mean is
attributable to the rec-3/rec-3+ difference. This
6 11difference is modified in the ap am-1 x am-1 his-1 results.
Possible causes of this modification include the
following. Firstly, the dominant rec-3 allele (which reduces
6 IX,recombination frequencies) involved in the s_p am-1 x am-1
his-1 crosses could be different from that used in the
x +reciprocal crosses. They can be symbolized rec-3 and rec-3 
respectively. Thus there would be three rec-3 alleles 
(rec-3, rec-3+ and rec-3X )» and the two dominan t ones (rec-3 * 
and rec-3X ) would control low prototroph frequency. Only 
one of these alleles (rec_-_3+) would alter the distribution 
of flanking markers in crosses to the third allele (rec-3)» 
This hypothesis could be tested by tracing the original 
wild type parentage of the two presumed dominant rec-3
xalleles used in the pedigree. The rec-3 allele present in 
 ^ XXthe sp am-1 x am-1 his-1 crosses is derived through SM105
-j*from Emerson A wild type. The other dominant allele rec-3
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entered the reciprocal crosses of the pedigree with SM322 
(Appendix 2, tables 1 and 2). Its probable origin can be 
traced to line DGC2693» the original _sp (BI3 2 ) stock obtained 
by D.G. Catcheside from B.R. Smith (table 2.1 ), Although its 
ultimate wild type source is unknown, it is probably not from 
Emerson A. Thus low frequency could be controlled by two 
different alleles. The hypothesis could be further tested
Xby examining the behaviour of the rec-3 allele from Emerson
A in other lines to see if it is similar to that shown by
SM105 and its offspring. Data from Section 5.3 cannot be
used in such a test, as none of the stocks used definitely
have the rec-3 allele of Emerson A. Even if there were
three rec-3 alleles, further genetic factors must be invoked
to explain the significant heterogeneity of the _sp am-1 x 
11am-1 his-1 results.
Another explanation involves suppressors which modify
the rec-3+ flanking marker pattern. Again, more than one
suppressor locus must be involved in order to explain the
heterogeneity. These suppressors could be present in either
^ 1. !Lor both of the original sjd am-1 and am-1 his-1 lines 
(SMIO5 and SM303 respectively). The following is evidence 
that dominant suppressors are not present in the widely used 
line SM3 0 3. Inbreeding of SM322 (a rec-3+ line showing no 
suppression) with SM303 has not introduced any variation into 
the performance of the two descendants tested (see crosses 
978 and 1 1 1 9). Also, some of the crosses involving SM303
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have shown an effect of rec-3 on the distribution of flanking 
markers (see crosses 976 and 1117)» if SM30.3 contains 
dominant suppressors, it would not show a rec-3 effect in any 
crosses. If the other original line SM105 contains 
suppressors, some of them have probably been lost on 
inbreeding to DGC3651? the line involved in crosses 
demonstrating a significant effect of rec-3» This probable 
loss is shown by the reduced levels of suppression in crosses 
976 and 1117•
No definite explanations can be made of the lack of a
rec-3 effect on flanking marker distribution shown in some 
ö 3-l_of the sjd am-1 x am-1 his-1 crosses, except that factors 
other than rec-3+ are concerned. Further experiments are 
necessary to determine the nature of these factors.
In conclusion, allelic differences at the rec-3 locus 
(or a locus within 7*0 map units of it) affect the relative 
proportions of the parental flanking marker classes (PD and 
pd) in crosses between am-l  ^ and am-1 * . In rec-3  ^ crosses,
there is a reduction in the proportion of the offspring with 
the flanking markers of the am-1 parent (PD). This 
reduction is itself subject to genetically controlled 
variation.
L ' 1 *13.3 EFFECT OF REC-3 ON RECOMBINATION OF AM-1 AND AM-1 
WITH ELEVEN OTHER AM-1 ALLELES
In this chapter the effect of rec-3 has so far been
^  1 1 »tested only on crosses between am-1 and am-1 c The
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following results were collected to test the rec-3 effect on
other am-1 allele combinations. The crosses examined were
^  11 .restricted to those of am-1 and am-1 with the eleven 
other am-1 alleles mapped in Section 4.2.
The stocks were chosen at random from those available at
the time. This avoided a biassed selection based on
knowledge accumulated from earlier use of the stocks. The
am-1 constitutions of these lines were verified by crossing
to the original am-1 line used in their construction, or to
a closely related line (see Section 3«3)»
The thirteen _sp am-1 lines were crossed to the a rec-3;
cot-1; am-1  ^ his-1 tester DGC363I and to the equivalent
11am-1 tester SM303 with results shown in table 5*5« Use of
these testers allows direct comparison with analogous rec-3 x
rec-3 crosses reported in Section 4.2, and listed in table
4.2. Data from the crosses sjd am-1 ^  x am-1  ^ his-1 (763) and
6 11sp am-1 x am-1 his-1 (748) have already been shown in 
table 5.1, but are included in table 5*5 for comparative 
purposes•
The ratios of the rec-3 x rec-3 prototroph frequencies 
(table 4.2) to the frequencies from corresponding rec-3 x 
rec-3+ crosses (table 5»5), are shown graphically in figure 
3.4. They are plotted in the map order of the am-1 alleles
One line of the general constitution
Xsp am-1. was selected for each of the thirteen alleles used
used (figure 4.1), Care must be taken in the interpretation
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of these ratios, which are based on two crosses only. If 
more crosses were used, up to two fold changes in both 
numerator and denominator could occur (see Sections 3« 5?
3 .6 , 5.1 and 5»2). Thus many different stocks of the same 
constitution should be tested and averaged frequencies used 
(as in Section 5»2).
With this limitation, the following interpretations of 
figure 5*4 can be made. (i) In crosses involving am-1 , 
proximal alleles tend to give a higher ratio than do distal 
alleles. The highest ratio is 36.0 ± 3*64 from crosses to
14am-1 , the second most proximal allele. The lowest ratio is
9.62 ± O .906 from crosses to am-1^ , near the distal end of
the am-1 map. (ii) In crosses involving am-1^^, most ratios
are lower than those from am-1^ crosses. There is no
definite trend across the map. All ratios are less than 10
2 11except that from am-1. x am-1 , which is 16.8 ± 1.42. The
9 11lowest ratio is 3*82 + 0.376 from the am-1 x am-1 crosses.
This is still large enough to allow discrimination of rec-3
and rec-3+ results. (iii) No consistent differences
dependent on the wild type origins of the am-1 alleles
(Appendix 1 table 1) are discernible. For example, am-1^
7and am-1 , both from Emerson a do not give results which 
are consistently different from those for other alleles in 
crosses to am-1^ .  Likewise, am-1^ , am-1^  and am-1^ , all
from St. Lawrence 74a , show no large scale, consistent 
differences from other am-1 alleles. (iv) In the am-1^
82
14 1 7  9crosses, am-1 gives a higher ratio and am-1 ^ am-1  ^am-1 
11and am-1 give lower ratios than the remainder of the
alleles. These differences are not associated with the
reversion and complementation properties of the alleles, nor
with the nature of their am-1 gene products (see Appendix 1),
5 17It should be mentioned that am-1. and am-1 , both having 
properties of the type expected of nonsense mutants, do give 
similar ratios. The significance of this (if any) is not 
known.
The distribution of flanking markers in the rec-3 x
rec-3+ crosses from table 5*5 are shown graphically in square
root charts in figures 5*5 and 5.6. Analogous rec-3 x rec-3
results from table 4.2 are also plotted for comparative
^  1. ]_purposes. Results for am-1 and am-1 crosses are shown in 
figures 5.5 and 5*6 respectively. In both cases, comparisons 
between the pD and Pd classes and between the PD + pd and 
pD + Pd classes show a small amount of significant variation 
not associated with the rec-3/rec-3  ^ difference. Similar 
variation has been observed and discussed for results in 
Sections 5*1 and 5*2.
In contrast, the relative proportions of the two
parental classes, PD and pd, are extremely variable for both
6 11 6am-1 and am-1 crosses. In crosses involving am-'l at
least, the variation is associated with the rec-3,/rec-34
difference. In figure 5»7> the proportion /(PD + p d ) is
shown in relation to the map order of the alleles involved
Figures 5« 5 and 5»6 Square root charts of the distributions
of flanking markers from the first twenty four rec-3 x rec-3 
crosses listed in table 4.2 and the equivalent rec-3 x rec-3+ 
crosses listed in table 5*5* Crosses are between thirteen
stocks (one for each am-1 allele) of constitution A; cot-1 ;
x 6sp am-1 and DGC365I (a rec-3; cot-1 ; am-1 his-1 , figure
5.5) and SM3O3 (a rec-3 ; cot-1 ; am-1 ^  his-1 , figure 5*6).
The means and 95 per cent confidence limits shown on chart
b) of each figure are the same because they are calculated
using the data pooled from both. This also applies to the
lines on chart c) of each figure. The key to symbols is:
o rec-3 x rec-3 results, • rec-3 x rec-3+ results.
FIGURE 5.5
a m -  1X x a m -  16
8 10 12 14 16 18
VpD + Pd
FIGURE 5.6
a m -  1* x am -  111
10 12 14 16 10 12 14
10 12 14 16 18
V p D + P d
Figure 5»7 Results from prototrophs with parental
combinations of flanking markers showing the percentage with 
the same combination as the parent carrying the more proximal 
am-1 allele L^/(PD+pd)$]• The results are taken from the 
first twenty four rec-3 x rec-3 crosses listed in table 4.2 
(shown with heavy lines) and equivalent rec-3 x rec~3+
results from table 5*5 (shown with light lines). Crosses
#
are between thirteen stocks (one for each am-1 allele) of 
constitution A; cot-1; sp am-1X and DGC3651 (a rec-3; 
co t-1; am-1  ^his-1, upper graph) and SM303 (a rec-3; co t-1; 
am-1  ^^ his-1, lower graph). The vertical bars at each point 
extend for one standard error of the estimate in each 
direction. The percentages are plotted in the map order of 
the sites of am-1 alleles used (figure 4.1).
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(from figure 4.1). Results of crosses involving am-l.° and
11am-1 are shown separately and the rec-3 x rec-3 and rec-
x rec-3 results have been distinguished.
For the am-1^ crosses, the proportion of the parental
classes (PD + pd) which are PD is nearly always significantly
+ 6lower in rec-3 x rec-3 crosses. In crosses of am-1 with
1 19am-1 and am-1 the reduction is only marginally significant.
2 3The lack of significant difference in the am-1 and am-1 
crosses may be due to genetic factors present in the particular 
stocks.used. Such factors may be similar to those discussed 
in Sections and. 5*2, the probable presence of which
explains the lack of a rec-3 effect in other results.
Although the magnitude of the rec-3/rec-3+ effect differs 
for different alleles, there is no definite trend across the 
am-1 locus.
The differences shown in figure 5*7 between results
from different alleles are not definitely associated with
the nature of their am-1 gene products (Appendix 1). For
7 11 14example, alleles am-1 , am-1 and am-1 show the largest 
differences between rec-3 and rec-3+ results. However, these 
three alleles have no consistent similarities with each
2other and differences from the other alleles. Also, am-1 
3and am-1 are the only alleles showing no significant effect
of rec-3. Whereas these mutants do have similar properties,
19 2 3am-1 has properties much closer to am-1 than does am-1 .
84
I 9In contrast to these two alleles, the rec-3 effect in am-f 
crosses is significant.
11 4 5For crosses involving am-1. , only am-1 and am-1 show
a significant rec-3 effect on the distribution of flanking 
markers (figure 5*7)* The difference in am-1*^ crosses is 
marginally significant. In each case there is a reduction
in the proportion of the PD class, as was observed in most
6 1 iam-1 crosses. The lack of rec-3 effect in other am-1
crosses may result from other genetic factors (see Section
5.1 and 5.2). SM303, the only am-111 line used, may contain
suppressors of the rec-3 effect on the distribution flanking
markers. However, this line does give a significant effect
4 5in crosses to am-1 and am-1 . Such an effect would not be
expected if SM303 contained dominant suppressors.
Alternatively, the other parents of the crosses involving the 
11am-l. line SM303 contain suppressors. However, these stocks
mostly give an effect when crossed to the am-1^ stock
DGC3651 (upper graph of figure 5*7) , and this would not be
expected if they also contained dominant suppressors.
Another explanation is that certain alleles when crossed to 
11am-.L show no rec-3 effect on the distribution of flanking 
markers under any conditions. Additional crosses of more 
uniform background are needed to resolve these possibilities.
Since rec-3 has shown no effect on the relative 
proportion of pD and Pd, it does not alter the map order of 
the alleles derived from criterion 1 (pD > Pd) (Sections 4.1
85
and 4.2). Although rec-3 ^ usually reduces the asymmetry
between PD and pd, the former is still in excess in all
cases examined. Therefore the order derived from criterion
2 (PD > pd) is also unchanged.
In conclusion, rec-3 alleles have a definite effect on
prototroph frequencies of crosses between each of eleven am-1
6 1.1_alleles with am-1 and with am-1 . If rec-3 is present, 
the frequency is from 3*8 to 38 times lower, with greater 
reduction indicated at the proximal end of am-1. An effect 
on the distribution of flanking markers has also been 
demonstrated for about half of these crosses. In the 
presence of rec-3 , the PD class decreases and the pd class 
shows a concomitant increase, with the former remaining the 
majority class. The lack of effect in the other crosses may
be due to further, unidentified genetic factors
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6.1 EFFECT OF REC-3 ON RECOMBINATION BETWEEN SP, AM-I,
GUL-1 AND HIS-I 
6.1.1 INTRODUCTION
The results presented so far concern recombination in
the am-1 locus and its control by rec-3» Tests were made of
possible effects of rec-3 on other recombination events in
the region between _sjd and his -1 in which am-1 lies. A mutant
at a locus between am-1 and his-1 was present in the stocks
and was used in these tests.
This gulliver mutant (called gul(CA1)) modified the
phenotype of cot-I (C1021 ) stocks at 34°C, allowing more growth
and less side-branching. Plate 2 shows the phenotype of
normal and modified cot-l( C102t) stocks grown at 25°C for 15
hours and then at 34°C for 56 hours on medium containing
sorbose. At 25°C, with or without cot-1, gul stocks have a
slightly slower growth rate than wild type.
19The mutant was present in all am-1 descendants of
DGC7242, the original am-1^  stock (table 2.1). Thus it
entered the pedigree in DGC724-2 and its locus is probably
closely linked to am-1. Although its actual origin is
unknown, it may have been induced in the St. Lawrence 7^A
19 /wild type at the same time as am-1 (see Appendix 1 table
1 )•
Terenzi and Reissig (1967) have discovered and 
described genes called gulliver (gul) at several loci. They
also modify the phenotype produced by cot-1(C1.02t ) stocks
PLATE 2
Offspring from a cross homozygous for the colonial, 
temperature sensitive mutant cot-l(C102t) ♦ The smaller 
colonies show the normal cot-l(C102t) phenotype, while 
the larger ones show the modification resulting from 
the presence of a gulliver mutant found in several 
stocks used in this study. The offspring were grown 
on SGF medium (which contains sorbose) at 25°C for 
15 hours and then at 3^°C for 56 hours.
Colonies from the plate shown in (1) at three to four 
times life size.
Offspring from cross 575» between gulliver mutants 
£ul-l(G) and gul-1(CA1) in cot-1 (C102t) background.
The larger colonies carry one or the other of the 
&ul-1 mutants, whereas the smaller, branched colony is 
a recombinant.
Offspring from control cross 831 between stocks both 
carrying gul-1(G) in cot-1(C102t) background.
Offspring from control cross 832 between stocks both 
carrying gul-1(CA1) in cot-l(C102t) background. (3 , 4 
and 5 are all approximately six times life size.)
(Photos : B. Parr)
PLATE 2
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towards the wiLd type. The gul-1 locus is closely linked to 
am-1 (Perkins, Newmeyer, Taylor and Bennett, 1969). The 
phenotype of gul-l( G) is similar to that of gul(CA1) (plate 
2). Thus our mutant could be a gul-1 allele.
To test allelism of gul(CA1) and gul—1(G) , forced 
heterocaryons of two different stocks carrying one or ether 
of these genes were prepared. The gul-1(G ) stocks were 
derived from DGC7^79 and DGC7^80 shown in table 2.1. At 
34°C, these heterocaryons were modified cot-1 phenotype as 
expected if gul(CA1) and gul-l(G) do not complement and are 
non-autonomous. However, Terenzi and Reissig (1967) have 
evidence of autonomous behaviour of different gul genes and 
thus a demonstration of absence of complementation between 
these genes might be difficult.
If they are allelic, recombination between them should 
be infrequent and flankers might occur among recombinants in 
frequencies characteristic of allelic recombination. Two 
crosses between gul(CA1) and gul-1(G ) stocks showed onlj 18 
gul  ^ recombinants among 20,068 offspring (table 6.6a in 
Section 6.2). Also, 14 of these recombinants had parental 
associations of flanking markers (table 6.6b). These 
observations are comparable with those for recombinants 
between other allelic genes (Whitehouse and Hastings, 1965)« 
In conjunction with the similar phenotypes and apparent 
absence of complementation, the recombination results make 
it highly likely that gul(CA1) and gul-1(g ) are allelic.
Preliminary data suggested that gul-l(CA1) is located 
between atn-1 and his-1. This position was verified in the 
following four point crosses.
These were made to test the effect of rec-3 on 
recombination between _s£, am-1, gul~l and his-1.3 and were of 
the following constitution:
+ + + his-1
—  1--------------1------------------- 1-----------------------\------------
---- 1--------1----------1--------— i-------
sp am-1 gul-1 +
Two crosses were rec-3 x rec-3 and two were rec-3 x rec-3 •
Two sibs of constitution a rec-3; cot-1; his-1 ( SM5.3 and 
SM56) were crossed with SMI65 (A rec-3; cot-1; sp am-1* ^ 
gul-l(CA1)) in crosses 335 and 336 respectively and with 
SM161 (A rec-3+ ; cot-1; sp am-1*^ gul-l(CA1)) in crosses 
996 and 997 respectively. Pedigrees of these stocks are 
given in Appendix 2, tables 3 and h.
6.1.2 UNSELECTED PROGENY OF FOUR POINT CROSSES
Random samples of progeny from each of these crosses 
were classified for their constitution at the jbjd, am-1, 
gul-1 and his-1 loci. The results are shown in table 6.1.
There is an apparent deficiency of the parental class sjd am-1 
gul-1 +_ in crosses 996 and 997* Such a deficiency would occur 
if these offspring carried a gene conferring reduced viability. 
This deficiency was not confirmed in 1,91^ further offspring 
from cross 996 and 2,707 from cross 997 tested for gul-1
89
constitution alone.
TABLE 6.1
I II+ +
sp am-1
+
gul-
III
1
his-1
+
CONSTITUTION
OF
PROGENY
REGION OF 
RECOMBINATION
CROSS CONSTITUTION AND NUMBER
rec-■3 x rec-3 rec-■3 x 0+rec-3 GRAND
TOTAL335 336 TOTAL 996 997 TOTAL
+ + + his-1 - 230 182 412 198 349 547 959
sp am-1 gul-1 + - 223 188 411 168 297 465 876
+ am-1 gul-1 + I 16 8 24 11 15 26 50
sp + + his-1 I 13 14 27 7 17 24 51
+ + gul-1 + II 0 0 0 0 1 1 1
sp am-1 + his-1 II 0 0 0 0 0 0 0
+ + + + III 11 3 14 9 7 16 30
sp am-1 gul-1 his-1 III 7 4 11 7 14 21 32
+ am-1 gul-1 his-1 I,III 0 1 1 0 0 0 1
sp + + + I,III 0 0 0 0 0 0 0
TOTAL 500 400 900 400 700 1100 2000
PERCENT GERMINATION 62.4% 77. 1% 84.4% 61.7%
Table 6.1 Constitutions of unselected progeny from four 
point crosses of the type a; cot-1 ; his-1 x Aj cot-1;
£P a-111" 1 1 ^  gu 1 -1 ( CA1) «, Two crosses are rec-3 x rec-3 ( 335 
and 336)5, and two are of rec-3 x r e c - 3 '1 constitution (996 
and 997).
90
The proportions of the different classes of offspring 
in table 6.1 are homogeneous for the rec-3 x rec-3 crosses 
335 and 336 (X2 = 5.133, 5 D.F., 30% < P < 50%), the rec-3 
x rec-3+ crosses 996 and 997 (x^ = 3*05^, 5 D.F. , 50%> < P < 
70%o) and between the totals of these two sets (X = 5.388, 5
D.F. , 30%  < P < 50%), Thus, the data show no significant 
effect of rec-3 on recombination between these loci.
Table 6.2 gives recombination percentages between 
neighbouring loci calculated from the results in table 6.1. 
These percentages are also shown on the linkage map in 
figure 2.1.
The single recombinant between am-1 and gul-1 is 
sufficient to place gul-1 between am-1 and his-1. The 
frequency of recombination between am-1 and gul-1 is 0.050 
per cent, with 95 per cent confidence limits of 0.0013 per 
cent to 0.28 per cent. A more precise location of gul-1 
was obtained from the following experiments.
6.1.3 PROGENY SELECTED FOR RECOMBINATION BETWEEN AM-1.
AND HIS-1
Am-lf his-l+ progeny of the same four +_ j_ +_ his-1. x 
sp am-1 gul-1 _f crosses were selected on medium not 
supplemented with histidine or alanine. The proportions of 
gul-1 and gul-l+ among these gives an estimate of the 
position of gul-1 relative to am-1 and his-1.
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Results from such a selection are shown in table 6«3»
+ +The frequencies of am-1 his-1 recombinants are homogeneous
for the two rec-3 x rec-3 crosses (y = 0.5589? 1 D.F. , 30$-
< P < 50$) , and for the two rec-3 x rec-3+ crosses =
0.3^03, 1 D.F. , 50$ < P < 70$) . However, the totals of the
two sets differ significantly (y^ = 37•1^> 1 D.F., P < 0.1%),
This difference may be due to rec-3 or to other genetic
genetic differences between the stocks used. If the
frequencies of atn-l his-1 recombinants from table 6.3 are
doubled, they do not differ significantly from the
recombination frequencies between am-1 and his-1 from
unselected progeny of the same crosses (table 6.2).
+ +The proportions of am-1 his-1 offspring with different
markers at syi) and gul-1 are homogeneous within rec-3 x rec-3
crosses (x*~ = 2.0^9, 3 D.F. , 50$ < P < 70$), within rec-3 x
rec-3+ crosses (x"~ = 1.203, 1 D.F. , 20$ < P < 30$) and between
these sets (x^ = ^»555? 3 D.F. , 20$ < P < 30$). Thus
+ +whatever is affecting the frequency of am-1 his-.L 
recombinants has not shown an effect on the proportions of 
these with recombination between various of the four loci.
Overall, 6.7 per cent of am-1 his-1 recombinants are
«I“gul-1 and 93.3 per cent gul-1 . The former are assumed to 
result from crossing over between am-1 and gul-1 and the 
latter between gul-1 and his-1. Thus the respective map 
distances are these percentages of twice the frequencies of 
am-1 his-1 recombinants in table 6.3. For the rec-3 x
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rec-3 crosses, am-1. gul-1 is 0.258 ± 0.025 units and gul-1 
his-1 3.58 ± 0.12 units. The respective regions in rec-3 x 
rec-3+ crosses are 0.182 ± 0.019 units and 2.53 ± 0.12 units. 
These estimates are homogeneous with those from unselected 
progeny of the same crosses (table 6.2).
The results in table 6.3 show both positive and negative 
chiasma interference. The recombination percentage between 
sp and am-1 is:5»10$> ± 0.49$> in unsel.ected offspring from 
table 6.2 (control); 2 1.6$ ± 3 ,9 c/° among recombinants between 
am-1 and gul-1 from table 6.3 (negative interference); and 
2.73$ ± 0 , k2(fo among gul-1 his-1 recombinants also from table 
6.3 (positive interference). Positive chiasma interference 
has frequently been observed within chromosome arms in 
Neurospora (Perkins, 1959» 1962; Bole-Gowda, Perkins and
Strickland, 1962), and its observation here was expected. 
However, the negative interference was not and it was studied 
further by selecting more offspring from the same crosses, 
this time only those showing recombination between am~l and
gul-1.
6.1.4 PROGENY SELECTED FOR RECOMBINATION BETWEEN AM-1 
AND GUL-1
If offspring of the +_+_+_ his-1 x sp am-1 gul-1 +_ crosses 
are germinated at 34°C on medium supplemented with histidine 
(to allow growth of his-1 spores) and glycine (to inhibit am-1 
spores), only am-1f gul-1 individuals will grow.
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Table 6.4 shows results from such a selection made using 
the same ascospore suspension as in the previous selection.
If the frequencies of am--1f gul-1 recombinants are doubled, 
they are not significantly different from the recombination 
frequencies between am-1 and gul-1 of the same crosses 
calculated in Section 6.1.3*
The rec-3 x rec-3 crosses yielded proportionally two to 
three times more recombinants than the rec-3 x rec-3 crosses 
and the differences are highly significant. The following 
evidence from the distribution of flanking markers at sjd and 
his-1 suggests that some of these differences are due to the 
rec-'j/rec-3f difference.
The flanking marker results in table 6.4 are homogeneous
pwithin rec-3 x rec-3 crosses (\ = 0.2143, 3 D.F., 95% < P <
. p98$) and within rec-3 x rec-3 crosses = 0.6454, 2 D.F.,
70% < p < 80%). However, the totals of these two sets are
extremely heterogeneous (x^ - 25*34, 2 D.F., P < 0.1%) s This
* |*is due to differences in the proportions of sjd and sjj 
offspring (\ ^ = 30*3^> 1 D.F. , P < 0,1 %) , The offspring
classified for the distal markers alone (his-1 and his-1 ) 
are homogeneous (\" = 1.028, 1 D.F. , 30% < P < 50%)*
Table 6.5 shows these results in percentage form and 
their origin is given in terms of two hypotheses. The first 
assumes all recombinants arise from crossing over. The 
expected proportions are calculated assuming no interference 
and using the recombination percentages from the same crosses
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TABLE 6.5
+ + his-1
SELECT
+
am-1 gul-1
^ 4 + gul-1-4------H
4
FLANKING MARKERS
+ + sp + + his-1 sp his-1
OBSERVED
PROPORTIONS
rec-3 x rec-3 74.1% 20.1% 3.9% 1.8%
rec-3 x rec-3+ 86.2% 6.3% 7.5% 0.0%
HYPOTHESIS OF
ORIGIN
(i) CROSSING OVER II I & II II & III I, II &
EXPECTED PROP’NS 91.9% 4.9% 3.0% 0.2%
(ii) SINGLE II
CONVERSION
AND/OR
or
(am-*am+ & I) (anr>am+) (am->am"*" &
SINGLE
CROSS-OVER + °r(gul +gul & III) (gul+-*gul) + or (gul -*gul
Tab1e 6.5 Percentages of am-1+ gul-1 recombinants from 
t a b l e 6.4 with each of the four combinations of markers at 
the sp and his-1 loci. Also shown are their origins in terms 
of two hypotheses explained in the text. Regions of crossing 
over are shown in relation to the diagram at the top of the 
table. Conversion is shown by an arrow in the direction it 
takes. Conversions and cross-overs in parentheses may or may 
not originate from the same recombination event.
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shown in table 6.2, In comparison, the observed results show
that apparent crossing over between am-1 and gul-1
significantly increases the chance of apparent crossing over
in adjacent proximal and distal regions. In the rec-3 x
rec-3 crosses, there is a larger increase in the proximal
region and a smaller increase distally compared with rec-3 x 
+rec-3 crosses.
v'' “j*'The second hypothesis in table 6.5 assumes am-1 gul-1
recombinants arise by crossing over or conversion or both.
If both occur, they may or may not result from a single
recombination event. Only single cross-overs and single
conversions are listed, as more complex origins (including
those of the first hypothesis) are assumed to be rare. The
proportions of the various classes have no a priori
expectations in this case. Three quarters or more of the
recombinants observed could have arisen by crossing over
between the loci, or by conversion at one or the other with
apparent crossing over outside the region between them.
The remainder could result from conversion with or without
crossing over outside this region. The differences between
the rec-3 x rec-3 and the rec-3 x rec-3 results can be
19 +fully explained if less conversion of am-1 to am-1 occurs 
when rec-3+ is present. This is also the explanation of the 
effect of rec-3+on recombination between am-1 alleles. It 
further predicts the reduction in am-l+ gul-1 recombinant 
frequency in rec-3 x rec-3 crosses observed in table 6.4»
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6.1.5 DISCUSSION
The second hypothesis is more likely by analogy to 
results from allelic crosses (see Section 4.1). Also, it 
allows an explanation of the effect of rec~3 on these 
recombinants in terms of the known behaviour of rec-3«
Stadler and Towe (1968)  have direct evidence in favour of 
this hypothesis from recombinants between the closely linked 
loci cys-1 and cys-2 in Neurospora. By obtaining 
recombinants in asci, they showed that conversion and 
crossing over were both involved in their origin. Other 
crosses between closely linked loci in Aspergillus give 
results similar to those reported here (Calef, 1957; Elliott, 
i 9 6 0 ) .  However, de Serres’ ( 1956) results and those of Giles, 
de Serres and Barbour (1957) lor recombination between the 
closely linked loci ad-3A and ad-3B of Neurospora are 
different. In these, all recombinants between these loci 
both in asci and among random spores can be accounted for by 
crossing over, with positive interference in nearby regions 
as is observed for loosely linked genes.
Among unselected offspring, no effect of rec-3 on 
recombination near am-1 was detected in Section 6.1.2. 
Similarly, Jessop and Catcheside (1965)  detected no effect 
of rec-1 on recombination between the am-1 and inos loci 
flanking his-1, in which recombination is controlled by 
rec-1 as am-1 is by rec-3» However, Smith (1966)  
described genes at another recombination locus (rec-2) in
9 6
terms of their effect on recombination between the pyr-3 and 
leu-2 loci. Among unselected offspring of rec-2 x rec-2 
crosses, these loci showed 23 per cent recombination; if
-j~rec-2 was involved, only 11 per cent recombination occurred. 
The his-5 locus is in this region and all of the effect 
apparently occurred between pyr-3 and his-5. However, rec-2 
showed no effect on the frequency of allelic recombination 
in his-5»
Is rec-2 one of the same class of recombination genes as 
rec-1 and rec-3 , with an unknown site of action somewhere 
between pyr-3 and his-5? This is unlikely because rec-2 has 
shown a two fold effect on recombination frequency between 
loci flanking this site, whereas similar tests of rec-1 and 
rec-3 have shown none. If they do have the same mode of 
action, the effect of rec-2 must be of much greater 
magnitude.
In conclusion, no effect of rec-3 on recombination 
between sjd, am-1, gul-1 and his-1 has been demonstrated 
among unselected offspring. However, selected recombinants 
between am-1 and gul-1 show differences associated with the 
rec-3 constitution of the lines used. These can be
<Aattributed to reduce levels of conversion at am-1 in the
/\ —
presence of rec-3 .
6.2 EFFECT OF REC-3 ON RECOMBINATION IN GUL-1
The effect of rec-3 on allelic recombination might
extend to other loci closely linked to am-1 Its effect on
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recombination in the closely linked gul-1 locus (less than 
0.4 units distal) was examined.
The original gul-1(G) lines DGC7479 and DGC7480 were 
respectively rec-3 and rec-3+ (table 2.1). They were crossed 
to rec-3; am-1^  gul-1(CA1) his-1 lines and gul-l+ offspring
recorded (crosses 575 and 577 in Appendix 2, tables 3 and 4). 
As controls, the gul-1(G ) stocks used were crossed together 
(cross 831)> as were the gul-1(CA1) lines (cross 832).
Table 6.6 gives the frequencies and flanking markers of 
gul-l+ progeny from these four crosses. The number of 
offspring observed was limited by the necessity to record the 
phenotype of each one and by the infertility of crosses 
between gul-1 mutants. Plate 2 shows the phenotype of gul-1 
and gul-l+ progeny from cross 575* Also figured are gul-1(G) 
and gul-l(CA1) offspring from the respective control crosses 
831 and 832.
Proof that the eighteen offspring of gul-l+ phenotype
were not due to a suppressor of gul-1 was secured by crossing
each to a cot-1 ; gul-l+ tester and examining 500 offspring.
None of gul-1 phenotype were observed, indicating that all
+ 19were genotypically gul-1 as expected. The arn-1. genotype 
of the seven gul-1f offspring of am-1 phenotype was verified 
by crossing them with the original am-l^  stock DGC7242 and 
each other (see Section 3»3)*
In table 6.6a, the control crosses between stocks 
containing the same gul-1 allele yielded no gul-l+ offspring
TABLE 6.6
CROSS
NO.
CONSTITUTION NO. OF PROGENY
FREQUENCY-
gul-l+/lOJ
9 5%
CONFIDENCE
LIMIT(S)*gul — 1 rec- 3 gul-1+ TOTAL
575 CAlx G 3 x 3 10 8 , 5 7 1 117 5 6 . 0  - 215
577 CAlx G 3 x 3+ 8 1 1 , 4 9 7 6 9 . 5 3 0 . 0  - 137
8 3 1 G x G 3 x 3 + 0 1 0 , 3 6 6 0.00 28.9
832 CAlxCAl 3 x 3 0 10,462 0.00 28.7
* From Stevens’ Table (Stevens, 1942)
Tab1e 6.6a Frequencies of gul-1+ recombinants from crosses 
between gul-1(G ) and gul-1(CA1). Crosses 575 and 577 are cot-1; 
gul-1(g ) x cot-1; am-11 9 gul-1(CA1) his-1  ^ the former being 
rec-3 x rec-3 and the latter rec-3 x rec-3 • Crosses 831 and 
832 are control crosses between those lines of the same gu1-1 
constitution used in crosses 575 and 577*
+. 1 gul-1(G) +_____ 1__________ 1_1
I
1 ! 
1 _  I
SELECT^ 1 gul-1+ 1 41
am- 1 gul
1 ! 
-l(CAl) his- 1
1 1
CROSS
NO.
FLANKING MARKERS
am-1 his-1 + + + his-1 am-1 + TOTAL
575 3 3 4 0 10
577 4 4 0 0 8
Table 6.6b Distribution of flanking markers at the am-1 and 
his-1 loci among the gul-1 recombinants in table 6.6a.
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in over 10,000 examined in each case. The frequency below
which gul-l+ offspring could occur with 95 per cent
5probability is 29 per 10 spores. This is significantly 
lower than the frequencies from the two gul-l(G) x gul-1(CA1) 
crosses, which are not significantly different. As one of 
these is rec-3 x rec-3 and the other involves rec-3*, they 
show no significant effect of rec-3 on recombination between 
gul.-l( G) and gul-1 ( CA1) .
The number of gul-1 offspring which would have to be 
recorded in the rec-3 x rec-3 cross to obtain a significantly 
larger frequency than that from the rec-3 x rec-3+ cross can 
be calculated using non-overlap of 95 per cent confidence 
limits from Stevens’ Table (Stevens, 19^2). At least 20 must 
be observed, double the number actually recorded. Thus the 
frequency of gul-1 offspring from the rec-3 x rec-3 cross 
would have to have been at least 3-^ times larger than that 
from the rec-3 x rec-3+ cross for a significant difference 
to be shown.
In summary, no significant effect of rec-3 on 
recombination between gul-1 alleles G and CA1 has been 
detected.
6.3 EFFECT OF RECOMBINATION IN AM-1 ON RECOMBINATION
IN A CLOSELY LINKED REGION
Offspring showing recombination between alleles usually 
demonstrate the same pattern of crossing over in a nearby 
but non-adjacent region as do unselected offspring (Pritchard,
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1955 and others). This was examined and verified for 
recombinants between atn-1 alleles.
Crosses were made between different am~l mutant stocks 
which also differed at the _sjd, gul-1 and hi.s-1 loci,
-fRecombination between gul-1 and his-1 was studied among am 1
recombinants selected from these crosses. In each cross,
19one parent was am-1 and the other one of nine different
am-1 alleles. Data were collected from eleven rec-3 x rec-3
19crosses including those ten involving am-1 from Section
4.2. For rec-3  ^+ ^ x rec-3+ , results from nine crosses were
19pooled including the two am-1 crosses from Section 5-3» In
Sections 4.2 and 5« 3, the gul-1 constitutions of the progeny 
are not given.
The results are shown in table 6.7» Control estimates 
of the frequency of recombination between gu1-1 and his-1 
among unselected offspring of these crosses were not made. 
Therefore the results from table 6.7 must be compared with 
frequencies from unselected offspring of other crosses 
(table 6.2).
In table 6.7, the overall frequency of recombination
between gul-1 and his-1 is significantly lower in the
( + ) +rec-3 x rec-3 crosses. This may result from differences 
other than rec-3, as no difference was observed between the 
rec-3 and rec-3+ results in table 6.2.
Results from am-1+ recombinants with parental and non- 
parental associations of flanking markers are shown
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separately in table 6 .7» The latter class shows fewer gul-1 
his-1 recombinants, with the difference being significant in 
the rec-3 x rec-3 crosses. This implies that if am-1+ 
recombinants show recombination between s_£ and gul-1 , the 
chance of a further recombination between gul-1 and his-1 
is reduced. This would be expected among all offspring 
showing recombination between _S£ and gul-1 , as positive 
interference between successive cross-overs occurs in 
chromosome arms of Neurospora (Perkins, 1959> 1962; Bole-
Gowda, Perkins and Strickland, 1962).
Stadler ( 1959) has obtained similar results from 
recombinants in the cys-2 locus of Neurospora. In comparison 
to controls from unselected progeny of the same crosses, he 
found that recombinants in cys-2 with parental flanking 
markers showed no interference in a nearby region, whereas 
those with recombinant flanking markers showed positive 
interference.
Results from other species are dependent on the chiasma 
interference shown by that species. In Saccharomyces 
cerevisiae, where positive interference also occurs 
(Hawthorne and Mortimer, i960), recombinants between alleles 
also show positive interference in a nearby region. This is 
demonstrated only by those with recombinant associations of 
flanking loci (Fogel and Hurst, 1967). In Aspergillus 
nidulans, where there is no interference (Käfer, 1958;
Strickland, 1958), no significant interference has been
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observed among any classes of allelic recombinants (Pritchard,
1955, 1960; Calef, 1957; Siddiqi and Putrament, 1963). A
similar result has been obtained in Sordaria fimicola (Kitani 
and Olive, 1 967) where chiasma interference is also probably 
absent (or perhaps slightly positive) (Perkins, El~Ani,
Olive and Kitani, 1963)•
In conclusion, recombinants between am-1 alleles show 
less recombination in a nearby region if they are also 
recombinant for markers flanking the am-1 locus»
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7.1 RECOMBINATION IN AM-1 BY HYBRID DNA 
7.1.1 REC-3 x REC-3 RESULTS
Recombinants between am-1 mutants probably arise only 
if hybrid DNA occurs in the locus (Chapter l). Prototroph 
frequency provides a rough guide to how often such hybrid 
DNA is present.
The pattern of coverage of am-1 by this hybridity is 
probably reflected in the pattern of flanking regions shown 
by these prototrophs (Whitehouse and Hastings, 1965; 
Catcheside, 1966b). Table 7*1 shows the classes of flanking 
markers possible if hybrid DNA covers one or both sites of 
allelic difference of a particular cross, and also if it 
occurs between the sites without involving either of them. 
Only that hybrid DNA which yields prototrophs is concerned. 
This matrix applies equally to Holliday’s (1964) and 
Whitehouse and Hastings’ (1965) hypotheses except that 
hybrid DNA between sites is unexpected with the latter. The 
entries are made assuming that no further crossing over 
occurs between the locus of interest and the flanking loci. 
The presumed coverage of am-1 by hybrid DNA can be deduced 
by relating observed results to this matrix.
Extensive rec-3 x rec-3 results from mapping (discussed 
in Section 4.3.1) indicate that higher frequencies of 
prototrophs are obtained when proximal alleles are used 
(figure 4.2). This suggests that hybrid DNA more often 
covers this region and therefore that recombination in am-1
TABLE 7.1
P m 1 + D
2p + m d
HYBRID
DNA
COVERAGE
FLANKING MARKERS
PD pd pD Pd
PROXIMAL SITE 
DISTAL SITE 
BOTH SITES 
BETWEEN SITES
+ +
+ +
+ + + + 
+
Table 7•1 Origins by hybrid DNA of wild type recombinants
between mutant alleles with different combinations of flanking 
markers. In the upper diagram, the symbols and m~
represent different mutant sites in a locus, with wild type 
sites represented +. Haploid offspring of the type ++ are 
selected and markers at the loci flanking the locus proximally 
(P or p) and distally (D or d) recorded. Hybrid DNA is 
assumed to be necessary for formation of these wild type 
recombinants, and the classes possible if it covers neither, 
either or both sites are shown by "+” in the table. If a 
class is never formed by a particular coverage, the entry is 
left blank.
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is polarized. This is supported by results from the two 
classes of prototrophs with parental combinations of 
flanking markers PD and pd (figure 4.3), since PD (produced 
if hybrid DNA covers the proximal or both sites, table 7 « 0  
is nearly always much larger than pd (resulting from 
coverage of the distal or both sites). Further, the 
magnitude of the difference is smaller if both sites are in 
the distal region. Fincham (1967) explained his am-1 results 
similarly.
However, of the other two classes of prototrophs (pD and 
Pd), pD is not in large excess expected with proximal 
preference of hybrid DNA coverage (table 7 • 1 .) . Rather, these 
two classes are usually nearly equal (figure 4.3). This is 
expected if hybrid DNA always covers both sites. Since pD 
and Pd are close to equality for crosses between alleles 
with sites anywhere in am-1, this hybrid DNA most probably 
covers the whole locus. This assumes that the sites 
themselves do not influence the pattern of coverage.
The following suggestion reconciles the preference for 
proximal coverage indicated by PD > pd and complete coverage 
implied by pD ~ Pd. Most hybrid DNA enters am-1 from outside 
the locus on the proximal side. It extends for varying 
lengths into and beyond am-1 before being terminated. If 
terminated in am-1, it is not associated with crossing over
and only PD and pd prototrophs can be formed. Once hybrid 
DNA extends beyond am-1, crossing over between flanking
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regions can occur, and the pD and Pd classes can result.
Since PD and pd together make up about 70 per cent of all 
prototrophs (figure 4.3)* the majority of the hybrid DNA 
must be terminated in the locus.
Crossing over results from different mechanisms in the 
two hybrid DNA hypotheses in figure 1.1. In Whitehouse and 
Hastings’, it always occurs following hybrid DNA formation 
unless negated by another in the opposite direction from the 
first. In the explanation of the am-1 data, the second 
crossing over must always occur unless the hybridity covers 
am-1 completely.
On the other hand, Holliday’s hypothesis predicts that 
crossing over occurs if the chains broken in the termination 
of hybridity are those unbroken originally. The am-1 
results are explained if this type of breakage only occurs 
when hybrid DNA covers the entire am-1 locus.
Some support for the suggestion that hybrid DNA showing 
different coverage is associated with different frequencies 
of crossing over comes from Fogel and Hurst’s (1967) results 
for allelic recombinants in asci of Saccharomyces cerevisiae. 
For all three crosses studied, conversion at the proximal 
site (assumed to be dependent on hybrid DNA formation at that 
site) was associated with fewer cross-overs than conversion 
at the distal site.
Fincham’s (1967) explanation of the near equality of pD 
and Pd in am-1 is different. He suggests that all hybrid DNA
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covers the proximal region of am-1 preferentially, and that 
most of the Pd class originates from further crossing over 
close to am-1 but independent of the hybrid DNA which 
results in am-1 recombinants.
The overall pattern of flanking markers observed here 
is different from that in similar studies of other loci 
(Whitehouse and Hastings, 1965). However, various aspects 
such as the chance of associated crossing over being less 
than 30 per cent (Murray, 19^9; Stadler and Kariya, I969)? 
the excess of PD over pd (rec-1 x rec-1 results of Jessop 
and Catcheside, 1965) and the gradient in the asymmetry of 
PD and pd (Siddiqi, 1962; Murray, 1963? 19^9 5 Pees, 1967)
have all been observed before. Even so, the slight asymmetry 
between pD and Pd is apparently unique to am-1.
These similarities and differences are considered to 
reflect similarities and differences in the initiation, 
coverage and termination of hybrid DNA at the different loci, 
with each locus having its own particular pattern (Whitehouse 
and Hastings, 1965; Catcheside, 1966b). One such pattern 
which accounts for recombination in am-1 has been given here,
7.1.2 CHANGES RESULTING FROM THE PRESENCE OF REC-3*
Less extensive data were collected from crosses 
involving rec-3+ (Chapter 5)» Consistent differences 
between these results and those from rec-3 x rec-3 crosses 
already discussed can be attributed to the rec-3 locus.
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Rec-3 and rec-3+ were originally described in terms of 
frequencies of am-1.+ recombinants (Catcheside, 1966a), The 
rec-3+ allele in one or two doses reduced these frequencies 
by about five to twenty five fold for five am-1 alleles 
tested (Catcheside, 1968). The present results show similar 
reductions for these and eight further alleles (figure 5»4),
-j*In terms of hybrid DNA hypotheses, rec-3 is associated with
»I*a large reduction in the hybridity which yields am-1 
recombinants, with the reduction occurring in all regions of 
the am-1 locus.
The following evidence supports Catcheside*s (1968)
suggestion that the reduction is larger in the proximal
region (i„e. rec-3+ affects both frequency and polarity of
recombination in am-1 ) . (i) For crosses invol ving am- .1^  at
least, the ratio of rec-3 to rec-3+ prototroph frequencies is
apparently higher with proximal alleles (figure 5»^)* (ii)
+The proportion of PD to pd is reduced for many rec-3 
crosses (figure 3»7)» Since PD occurs after coverage of 
the proximal or both sites, and pd from the distal or both 
sites (table 7* 0 »  the proportion of proximal coverage is 
reduced. However since PD remains in excess, the proximal 
region is still preferred.
That this effect on the relative proportions of PD and 
pd is due to rec-3 genes was shown by testing twelve 
segregants of a rec-3 x rec-3+ cross (Section 5°2), A
factor controlling a lower proportion of PD to pd segregated
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in unbroken association with rec-3+ (figures 5-2 and 5*3)«'
If the factor is not at rec-3» its locus was shown to have 
a 95 per cent chance of being less than 7 map units away«,
Such linkage may be fortuitous. However, Thomas and 
Catcheside (1969) were also unable to separate from rec~l 
a factor controlling a lower proportion of PD to pd among 
his-1+ recombinants. Thus it is likely that rec-3 (like 
rec-1) has pleiotropic effects on both the frequency and 
polarity of recombination in its target locus.
The rec-3 x rec-3 results were explained by suggesting 
hybrid DNA enters am-1 proximally. The effect of rec-3 was 
suggested to involve a large reduction in the level of this 
hybrid DNA. However, this does not explain why the reduction 
is larger in the proximal region of am-1. This is expected 
if hybrid DNA can also enter am-1 from the distal direction
at a constant level unaffected by rec-3+ » This hybridity
+would contribute relatively more prototrophs in rec-3 
crosses and thus increase the relative importance of 
recombination in the distal region. However, since more 
recombination occurs in the proximal region even when rec-3+ 
is involved, the proximal hybrid DNA would still predominate«, 
The hybrid DNA entering distally must resemble the 
predominant class in not being associated with crossing over 
unless all of am-1 is covered, and also in showing crossing 
over on only about 30 per cent of occasions when prototrophs
“I“. This is because rec-3 has no effect on eitherare formed
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the near equality of pD and Pd or on the proportion of all 
recombinants which are of this type. This was shown for
6  J Jam-1 x am-1 crosses (figure 5»3) and confirmed for all 
thirteen alleles (figures 5*5h and c and 5» 6b and c).
This interpretation of the effect of rec-3 on 
recombination in am-1 is similar to that given for the 
effect of rec-1 on his-1 (Whitehouse, 1966; Catcheside,
19^8; Thomas and Catcheside, 19^9)® In this case also, the 
presence of the dominant allele (rec~l+ ) was suggested to 
result in greatly reduced entry of hybrid DNA into the locus 
from the proximal direction, with no effect on hybridity 
entering distally. However, in contrast to the present 
results, the origin of his-l+ prototrophs of pD and Pd classes 
fits the same pattern of hybrid DNA coverage as that which 
gives rise to the PD and pd prototrophs (Catcheside, 1968; 
Thomas and Catcheside, 1989)»
To summarize, recombination in am-1 has been interpreted 
as follows. For prototroph formation, hybrid DNA enters 
am-1 from either the proximal or the distal direction and 
covers part or all of the locus before being terminated.
Only when all the locus is covered can resulting prototrophs 
show crossing over between flanking regions. The chance of 
such crossing over is the same for hybridity entering both 
proximally and distally. Rec-3+ greatly reduces the level 
of hybrid DNA entering proximally, without affecting that 
entering distally. Even so, relatively more proximal entry
probably still occurs
1 10
This interpretation will be considered quantitatively 
in the following section.
7.2 A QUANTITATIVE INTERPRETATION OF RECOMBINATION IN AM~1 
AND ITS CONTROL BY REC-3 
7.2.1 THE HYPOTHESIS
Data of the kind collected here provide insufficient 
degrees of freedom to allow calculation of all of the 
variables inherent in the interpretation of recombination in 
am-1 outlined in Section 7*1» However, if the interpretation 
is related specifically to Holliday’s (1964, 1968) simple
hypothesis and several further simplifying assumptions are 
made, some of these variables can be calculated (Catcheside,
1966b, 1968).
Assume that initial breaks preceding hybrid DNA 
formation occur in non—sister strands of the same polarity at 
a specific site as in figure 7*l(i). Let hybrid DNA be 
formed distally from these break points and be terminated by 
another pair of breaks in the chains originally broken (ii) 
or in those previously whole (iii). Only the latter results 
in crossing over between flanking regions. If initial breaks 
occur equally often in chains of the two polarities [(1) and 
(2) in figure 7. 1], the two types of mismatch produced by 
coverage of the site of heterozygosity (G-T and A-C) occur 
equally frequently in each of the four classes with different 
combinations of flanking regions (PD, pd, pD and Pd).
Figure 7 »1 A scheme of recombination between duplex 
molecules of DNA in two chromatids out of the four present 
at meiosis. Different parental molecules are distinguished 
by light and heavy lines. Half arrowheads indicate the 
polarity of single DNA chains. Sites of breaks in single 
strands are shown by oblique arrows. A-T and G-C are 
matched base pairs which are respectively wild type and 
mutant at a site of allelic difference. The scheme follows
that of Holliday (1964, 1968).
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Therefore, differences in the frequency and direction of 
correction of mismatch will not influence the proportions of 
these four classes among wild type (A-T) recombinant offspring 
(Catcheside, 1966b), These are also independent of 
differences in the proportions of non-cross-over (ii) and 
cross-over (iii) recombinants.
In a particular repulsion phase cross between different 
allelic mutants, the parents differ at two sites of 
heterozygosity. In this case also the proportions of wild 
type recombinants with different flanking regions will be 
independent of correction, since the various types of 
mismatch will be distributed symmetrically in each class. 
Rather, the proportions will reflect the pattern of coverage 
of the sites by hybrid DNA, The classes which can result 
from all four types of coverage have been given in table 7*1•
In recombination in am- .1 of this type, the fol lowing
further assumptions are made (figure 7*2 and table 7*2), (i)
Hybrid DNA enters am- 1 from outside in proximal, and distal
directions and prototrophs arise from these sources in the
proportions (l-z) and z respectively. (ii) Hybrid DNA
entering proximally and not resulting in crossing over can
cover the proximal site alone or both sites. Prototrophs are
obtained from these in the respective proportions x and (l-x),
(iii) Hybrid DNA which enters distally and shows no crossing
+over can cover the distal site or both sites, yielding am-1
recombinants in proportions y and (l.-y) respectively, (iv)
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H Y B R I D  D NA REGIONS
D I R E C T ' N SITES R E S U L T F L A N K I N G
OF E N T R Y COVERED + + RECOMBS
PROX . NO C.O. PD
PROX . B OTH NO C.O. PD and pd
BOT H C.O. pD and Pd
DIST. NO C.O.
s
J . .. - pd
DIST. B O T H NO C.O. / PD and pd
BOTH C .0. <— pD and Pd
Figu r e  7•2 As s u m e d  coverage of two sites of allelic 
d i f f erence in the a m - 1 locus (rr4 and + and m2 and +) by 
h y b r i d  D NA w h i c h  results in + + recombinants» The hybrid 
D NA m a y  enter from p r o x i m a l  or distal directions, one or 
b o t h  sites m a y  be covered, and c r o s s i n g  over (C.O.) b e t w e e n  
f l a n k i n g  m a rkers (P and p p r o x i m a l l y  and D and d distally) 
m a y  or m a y  not occur. Also s h o w n  are the markers expected 
to f l a n k  the + + reco m b i n a n t s  r e s u l t i n g  from each type of 
h y brid DNA.
TABLE 7.2
HYBRID DNA FLANKING MARKERS
DIRECTION PROPORTION NO CROSS -OVER CROSS-OVER
OF SITES NO CROSS- CROSS- a ( 1-a)
ENTRY COVERED OVER OVER PD pd pD Pd
PROXIMAL PROXIMAL X 0 1 0
(1-z) BOTH (l-x) 1 12 12 1 l2 2
DISTAL DISTAL y 0 - 1 0
z BOTH (i-y) 1 12 12 1 1 2 2
Table 7,2 Relative proportions of Blanking markers among 
wild type recombinants resulting from the classes of hybrid 
DNA coverage shown in figure 7.2. Flanking marker 
combinations never produced by a particular coverage are 
shown with a dash. Those not produced under the assumptions 
made here are shown with a zero.
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For hybrid DNA entering in either direction, crossing over 
between flanking regions occurs only if the hybrid DNA covers 
both sites.
Let the observed proportions of am-l recombinants 
showing absence and presence of crossing over between 
flanking regions be a and (l-a) (table 7*2). Within each of 
these classes, the two combinations of flanking markers arise 
from each type of hybridity in the relative proportions shown 
in table 7.2, These are derived from table 7»1? in which 
coverage of both sites from proximal and distal directions are 
not differentiated and a further class (between sites) 
believed not to occur in am-l is shown.
These assumptions and symbols for variables are similar 
to those which Thomas and Catcheside (1969) used for a 
similar study of recombination in his-1.. Modifications 
include the assumption that crossing over is shown by 
prototrophs only if hybridity covers both sites and that 
these do not of necessity contribute 50 per cent to all 
prototrophs•
The relative proportions of the four classes of am-l+ 
recombinants with different flanking regions can now be 
expressed in terms of these variables:
= ax( 1-z) + Ja.( 1-x) ( 1-z ) + ^ra(l~y)z 
p<36 = ^a( 1-x) (1-z) + ayz + ^-a(l-y)z 
= Ja(l-a)(l-z) + ^-(l-a)z 
Pc%  = -|a (l.-a) (1-z) + ^(l-a)z
where N is the total number observed. These can be 
simplified to:
= -^a[ l+x-z( x+y ) ] 
pC%[ = ^a[l-x+z(x+y)]
P%  and P%  = i(l-a).
Since a is observed, the latter simply state that pD and Pd 
are expected to be equal with the assumptions made. As the 
two former equations are not independent, there is one 
equation with the three unknowns x, y and z.
If these assumptions apply to results from rec-3 x rec-3 
crosses, the changes due to the presence of rec~3+ can be 
deduced. Assume (as in Section 7 .1,2 ) that its sole effect 
is to reduce the absolute number of prototrophs resulting 
from hybrid DNA entering proximally. Thus the only unknown 
changed in table 7*2 is z. Its expected value can be 
determined thus.
5If the frequency of prototrophs per 10 viable spores 
from a rec-3 x rec-3 cross is f , the distally entering 
hybrid DNA yields prototrophs at a frequency fz. This
+absolute frequency is not affected by the presence of rec-3 •
However let the total frequency in these crosses be reduced
to f ’/per lCr spores. The relative contribution of
distally entering hybrid DNA is therefore now /£'. For
simplicity, for write b, the ratio of rec-3 x rec-3 to
( + ) +rec-3 x rec-3 prototroph frequencies. Thus, if the 
unknowns in table 7*2 refer to rec-3 x rec-3 crosses, rec-3
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crosses differ onl}' in the substitution of bz and (l-bz) for
Likewise, the equations developed differ only in the 
substitution of bz for z. Thus, as b is observed, there are 
now two independent equations with three unknownse These can 
be written in one of their forms thus:
For rec-3 x rec-3 results
z and (l-z) respectively
= -^a[ l+x-z( x+y ) ] ,
( + ) +and for rec-3 x rec-3 results
Since a = in both cases, the equations can be
simplified to:
= x-z(x+y) for rec-3 results and 
= x-bz(x+y) for rec~3+ results.
If ^^/(pD+pd) is labelled c for the rec-3 results
and d for the rec-3+ results, these equations become:
c = x-z(x+y), and d = x-bz(x+y).
Rearranged in terms of z, they are respectively:
z = ^X C ^fx+y), and z = d ^4(x + y).
Therefore (x-c) =
Rearranged in terms of x:
x = (1 )
Since b, c and d are all observed, x can be calculated. 
However, the values of y and z are unknown but are related 
to each other in the equation:
z = ( x~c x+y ) ......... ............. ............ (2)
If the additional assumption is made that x and y are 
equal, z can also be calculated, since equation 2 
simplifies to:
z = ( x~c )/2x ......... ........ .............. .....  (3)
This assumption implies that the relative proportion of 
those prototrophs not showing crossing over which arise 
after hybrid DNA has covered both sites is the same whether 
the entry is from the proximal or the distal direction. If 
this additional restriction is made, it can be seen from 
equation 3 that z has a maximum value of one half.
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7.2.2 RESULTS FROM RELATED AM-1 x AM-1 CROSSES
Extensive data suitable for an initial analysis are 
presented in Section 5*2, in which rec-3 and rec-3+ sibs of 
sp am-1^  constitution were crossed to one rec-3; am-1  ^
his-1 tester. These results will be used to calculate the 
variables defined above by first assuming that no additional 
crossing over occurs between am-1 and the flanking loci.
The upper part of table 7»3 shows the distribution of 
flanking markers within the rec-3 x rec-3 and rec-3 x rec-3+
results of table The flanking markers are symbolized
TABLE 7.3
F L A N K I N G  M A R K E R S
OBSERVED PD pd pD Pd T O T A L
rec-3 x rec-3 7 6 6 179 2 2 6 2 6 9 1 440
rec-3 x rec-3^ 5 2 0 359 275 286 1 440
EXPECTED PD* p d 1 pD* Pd' T O T A L
(i) NO I N T E R ­
F E R ENCE
rec-3 x rec-3 8 1 3 . 6 174.2 1 9 5 . 8 256.4 1440,0
rec-3 x r e c - 3 + 542.3 3 6 7 . 0 257.5 273.2 l440.0
(ii) COMPLETE 
I N T E R F E R E N C E
rec-3 x rec-3 8 3 2 . 6 194.6 1 7 8 . 5 234.3 1440.0
rec-3 x r e c - 3 + 5 6 5 . 2 390.2 235.0 249.6 1440.0
Table 7»3 Observed distribution of flanking markers among 
am-1+ recombinants pooled from six am-l6 x am-1U- crosses of 
rec-3 x rec-3 constitution and six of rec-3 x rec-3+ 
constitution from table 5*4. The markers entering the crosses 
with am-1.6 are symbolized PD, those with am-l^- pd. Also 
shown are the distributions expected when the observed results 
are corrected for additional crossing over between am-1 and 
the flanking loci assuming (i) no interference or (iij 
complete positive interference between successive cross-overs»
following the convention in table 4.1. The hypothesis 
developed predicts that pD and Pd are equal in each case.
They are not significantly different from equality in the 
rec-3 results (x2 = 3.735, 1 D.F., 5% < P < 10%) and the
rec-3f results (y2 = 0.2157, 1 D.F. , 80^ < P < 90$)* Also,
pthey are homogeneous (x = 1.190, 1 D.F., 20% < P < 30%),
The proportion of all offspring which show crossing over 
(pD+Pd)^ also expected to be the same for the two sets. 
Some heterogeneity is observed, but it is not significant at 
the 1 per cent level (x^ = 6.513, 1 D.F. ]% < P < 2%>). Other
data shown in figures 5»5c and 5*6c suggest that variation in 
this proportion is not associated with rec-3/:rec~-3^  
differences. That observed here may be due to other genetic 
differences with small effects.
Using these data, c and d [(DD-pd^pp+pd) for rec-3 x 
rec-3 and rec-3 x rec-3  ^ results respectively] can be 
calculated. c is 0.621 and d is 0.183. b, the ratio of 
weighted prototroph frequencies from the rec-3 x rec-3 and 
rec-3 x rec-3+ results in table 5.3, is 8.16. Equation 1 
states that x = ^ C-<^ b - 1 ) , and on substituting the observed 
values for b, c and d, x is 0.682. That is, of the 
prototrophs resulting from hybrid DNA which enters am-1 
proximally and does not show crossing over, 68 per cent 
result from coverage of the proximal site alone, and 32 per
cent from coverage of both sites
Equation 2 states that z
1 1 7
{K- c V ( ^ y ) , and by
substituting values for x and c, 0o 06 1 2t“t( 0.682+y) . Ifz -
y is given values ranging between its limits of 0 and 1, 
corresponding values of z can be calculated«, Using these 
various values of y and z, along with the constant values 
of b and x, the relative proportions of the four classes of 
hybrid DNA coverage which yield prototrophs without showing 
crossing over can be calculated (figure 7»3)» In the rec-3 x 
rec-3 results, z can range from 0.0364 to 0.0897- That is, 
between 3«6 and 9-0 per cent of prototrophs arise from 
hybrid DNA which enters am-1 from its distal side. In 
rec-3 x rec~3+ results, the absolute contribution from this 
source is the same, but the relative proportion is b times 
more. Therefore it can range from 29*7 to 72.3 per cent.
If the additional assumption is made that x and y are
Its value is 0.0448, and that of bz is O.366. The relative 
contributions of the four types of hybrid DNA coverage are 
shown along the vertical lines representing y = x = 0.682 in 
figure 7*3- The percentages are shown in table 7-4.
These values refer only to the prototrophs not showing 
crossing over between flanking regions (PD and pd). The 
cross-over classes (pD and Pd) are assumed to be equal and 
to arise only if hybrid DNA covers both sites, with the 
relative contributions from the two directions of entry being
equal, z can be calculated from equation 3- z =
the same as for PD and pd
Figure 7 «3 Limits of the presumed pattern of hybrid DNA
■f'coverage of am-1 which results in am-1 recombinants. Both 
rec-3 x rec-3 and rec-3 x rec-3+ crosses of am-1^ and am-1 ^  
are shown. Only those recombinants not showing crossing 
over between flanking loci are considered (PD and pd). The 
value of b is 8 .16, x is 0.682, y is given values between 
its limits of 0 and 1, and z is calculated from the equation 
z = /  (0.682 + y). The four classes of coverage labelled
on the right are calculated from these values. The vertical 
line on each graph is x = y = 0.682.
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FIGURE 7.3
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TABLE 7.4
DIRECTION OF ENTRY PROXIMAL DISTAL
SITES COVERED PROXIMAL BOTH BOTH DISTAL
rec-3 x rec-3 65.2/0 30.3/0 1.4/o 3.1$
rec-3 x rec-3+ 43-3$ 20.1 / 11.6/ 25.O/0
T ab1e 7.4 Percentages of am-1+ recombinants resulting from^
different classes of hybrid DNA coverage of the sites of am-1 
(proximal) and am-l -^l- (distal). The values are from figure 
7.3 (assuming x = y), and refer only to recombinants not 
showing crossing over between flanking regions (PD and pd ).
7.2.3 ADDITIONAL CROSSING OVER BETWEEN AM-1 AND
FLANKING LOCI
The effect of crossing over between am-1 and the loci of 
flanking markers independent of recombination in am~l has so 
far been ignored in this work. Whitehouse and Hastings (1965) 
have developed equations to correct for this crossing over.
Let the expected values of the four combinations of 
regions flanking the ends of that hybrid DNA which yields 
prototrophs in am-1 be PD * , p d ’ , pDf and Pd !. Let the 
corresponding values detected by loci flanking am-1 r map 
units proximally and s map units distally be PD, pd, pD and 
Pd. Assume r and s are small enough so that only single 
additional cross-overs occur in these regions.
Assuming no interference, each expected class will lose 
some allelic recombinants due to additional cross-overs, but 
will gain others due to crossing over in two of the other 
three classes. The net change will depend on r and s and the 
relative proportions of the expected classes.
The observed values will be:
IIQp [1-(r+s)]PD* + rpD * + sPd*
pd = [1-(r+s)]pd’ + spD ’ + rPd *
tJ Ö 11 [1-. (r+s)]pD * + rPD* + spd1
Pd = [1-■ (r+s)]Pd* + sPD1 + rpd*
These equations can be rearranged in terms of the expected 
values. Substituting the observed map distances 0.05 and
0.03 for r and s respectively and the observed values of the 
flanking marker classes in table 7»3 , the expected values 
can be calculated and are shown in the second two rows in 
table 7-3.
Alternatively, assuming completely positive interference 
only PD * and pd* will lose recombinants, since the cross-overs 
apparent in pD* and Pd* will interfere with any further 
crossing over. The observed values in this case are:
PD = [i-i[r+s)]PD'
pd = [1-1(r+s)]pd *
pD = pD' + rPD * + spd ‘
Pd = Pd' + sPD’ + rpd*
Rearranging and calculating as before, the expected values 
are shown in the third two rows of table 7-3*
These assumptions of no interference and completely 
positive interference represent the extreme situations. In 
Section 6.3 I showed that am~l + recombinants with crossing 
over between flanking markers did show less additional 
crossing over in an adjacent region, but this was not 
completely abolished. Thus the expected values of the four 
classes in table 7-3 probably lie somewhere between the two 
extremes shown.
For the rec-3 x rec-3 crosses, the observed values of 
pD and Pd each contain about 2 to 3 per cent more of the total 
recombinants than expected if the markers adjoined am-1., with 
the pD class having relatively more. In contrast, the other
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two classes are smaller than expected, with PD containing 
about 4 per cent less and pd about \ per cent less of the 
total recombinants. The same pattern of redistribution 
applies to the rec-3 x rec-3 results, although the 
magnitudes of the changes are smaller.
Since the basic pattern of flanking markers is similar 
for all other combinations of am-1 alleles tested, the 
small changes due to additional crossing over will not 
significantly alter relative differences between them.
Additional crossing over also does not significantly 
change the values for the unknowns calculated in Section 
7.2.2. Using the values expected with no interference in 
table 7*3 and assuming x = y, x is increased from 0.682 to 
0.711» z is reduced slightly from 0.0448 to 0.0447 and bz is 
reduced from O .366 to 0.364. Assuming complete interference 
the values of x, z and bz are unchanged for the first three 
significant figures.
7.2.4 RESULTS FROM CROSSES BETWEEN OTHER ALLELES 
The sites at which alleles am-1^ and am-1^^ differ are 
near opposite ends of the am-1 map in figure 4.1. If other 
combinations of alleles are studied, the values of x, z and 
bz should vary depending on the position of the alleles used 
Data from both rec-3 x rec-3 and rec-3 x rec-3+ crosses 
have been collected only for am-1^ and am-l^  lines crossed 
with eleven other alleles (Section 5*3). Since the am-1^
crosses showed much variation probably dependent on
1 2  1
background differences, only the am-1 results will be 
discussed,, These are in the upper parts of tables 4.2 and 
5® 5 and f igures 5® 5 and 5® 7®
Assuming x and y are equal, their value is expected to
increase with increasing separation of the distal site from
the fixed proximal site of am~t^. This is because as sites
further and further apart are considered, an increasing
proportion of the prototrophs are expected to result from
hybrid DNA coverage of only one site® A similar increase in
z in x’ec-3 x iTec~3 results is also expected, since the
proportion of prototrophs resulting from distal coverage is
expected to increase the closer one site is to the distal
+end of am-1. Likewise in rec-3 x rec-3 results, bz is 
expected to increase® In this case the relative increase 
would probably be less, since relatively more prototrophs 
arise from this source even in the proximal region of the 
locus.
Figure 7® 4 shows that these expectations are borne out
to some extent. A possible increase in x is shown
progressively as results from alleles at more distal sites
are considered (ranked in the order from figure 4.l)0 The
graph of z shows a less convincing increase. The two
3 9distal alleles am-1 and am-1 give unexpectedly low values®
7 11However the next most distal alleles am-1 and am-1 do 
give values of z significantly larger than the more proximal
alleles. The graph of bz is similar, save that proximal
Figure 7•4 Values of x, z and bz calculated from equations
1 and 3 and the results of crosses between various am-1 
alleles and am-1 . The rec-3 x rec-3 results are from table 
4.2, whereas those from rec-3 x rec-3+ crosses are from table 
5.5» The values obtained for each allele are plotted in the 
order of their sites from figure 4.1. x is the proportion
“I*of am-1 recombinants not showing crossing over which arise 
from hybrid DNA covering only one of the sites of allelic 
difference. z is the proportion of am-1+ recombinants 
which arise from distally entering hybrid DNA in rec-3 x 
rec-3 crosses. bz is the equivalent proportion for rec-3 x
“Hrec-3 crosses.
FIGURE 7.4
am- i xx am-1s
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alleles show relatively more increase» This is in
agreement with expectation, and is a result of b being
larger on the average in the proximal region (figure 5.4),
2 6The negative value of z obtained with am 1 x am 1 
could represent a flaw in the basic hypothesis or it may 
be due to chance variation, such that c would be less than 
X (equation .3) if further data were collected* The 
occurrence of only one negative value out of the twelve 
calculated and its low magnitude suggest that the latter is 
more likely«,
All these calculations are based on the non-cross-over
classes PD and pd. The results for the classes showing
crossing over, pD and Pd,have not been involved, but they are
in agreement with expectation«, Using data pooled from tables
x 64.2 and 5» 5 for am-1 x am~l crosses as before, the 
proportion of all prototrophs which show crossing over is not 
significantly different between rec- 3 x: rec~3 crosses (29 «,8 %) 
and rec-3 x :rec~3 crosses (31*8$)«, Likewise, the relative 
proportions of pD and Pd are not significantly different 
between the two sets of results* Also, overall they are not 
significantly different from equality (pD = 3 1 « 4/&) , In passing, 
the slight excess of pD which was observed in some crosses 
and used as a criterion for mapping could result if a low 
level of crossing over was associated with hybrid DNA which
did not cover both sites
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One limitation of' this analysis is the inaccurate 
estimates of b available due to large variation in prototroph 
frequencies (Section 5*3)• The value of x is to some extent 
dependent on b in equation 2 ? although c is also important* 
Therefore z (obtained from equation 3) must also indirectly 
reflect the value of b obtained*
How does such variation in prototroph frequency occur 
in terms of the present hypothesis? It is not directly 
related to variation in flanking marker patterns and is 
therefore probably not associated with different patterns of 
hybrid DNA. Since the variation is continuous and has a 
large range, it is probably caused by several other genetic 
differences* These could be acting directly or indirectly 
on any of the many steps involved in recombination«
The probable modification by other genetic factors of 
the effect of rec-3  ^ on the distribution of flanking markers 
(Sections 5-1 and 5-2) is more difficult to explain. It 
could be due to regulators of the level of distally entering 
hybrid DNA assumed to be insensitive to rec-3 - Another 
possibility is that the length of coverage by the proximally 
entering hybridity is reduced by modifiers in rec-3f
crosses, increasing the value of x and the proportions of
+am-1 ~ recombinants of the PD class.
It must be emphasised that although a quantitative 
hypothesis has been developed which accounts for most of the 
observed results, it is based on Holliday*s (1964, 1968)
124
scheme of recombination which is itself not established 
beyond doubt. Also, many of the simplifying assumptions 
made to allow calculation of variables may be unjustified, 
Many other hypotheses could be developed which would fit 
the observed results (as in Section 7 »4), but in these an 
excess of unknowns over degrees of freedom would not allow 
the quantitative treatment given here.
7,3 POSSIBLE NATURE OF REC-3 AND REC-3+ GENE PRODUCTS
7.3.1 SPECIFICITY OF ACTION
Any scheme for the role of rec-3 gene products in 
recombination in am-1 must also account for the absence of 
effects on recombination elsewhere. In the region close to 
am-1 , rec-3 does not affect allelic recombination in gu1-1 
(Section 6.2), his-1 (Catcheside, 1966a; Catcheside and 
Austin, 1969) and inos (Catcheside, 1968). These loci are 
respectively less than 0.4 map units (Section 6.1), about 3 
units (Section 6.1) and approximately 7 units (Strickland, 
Perkins and Veatch, 1959) distal to am-1. Likewise among 
random offspring, non-allelic recombination in the region 
between ajD and his-1. (spanning am-1 and about 8 map units 
long) shows no dependence on rec-3 (Section 6,1.2), While 
selected offspring showing recombination in the short 
interval between am-1 and gul-1 do differ according to the 
rec-3 background (tables 6.4 and 6.5)? this can be accounted 
for in terms of the effect of rec-3 on recombination in am-1 
(Sections 6.1.4 and 6.1.5)«
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Other regions of the Neurospora genome have been tested 
and no effect of rec-3 shown on allelic recombination in 
his-5 (Catcheside and Austin, 1 9 6 9 ; Smith, 1 9 6 9 )? h i s - 6 , 
his-7 (Catcheside and Austin, 1 9 6 9 ) and nit-2 (D.E.A. 
Catcheside, in press). However, of considerable interest 
is Catcheside and Austin’s ( 1 9 6 9 ) observation that 
recombination in his-2 is controlled by alleles at a locus 
(r ec-x) closely linked to r e c - 3 » So far, all stocks
4 ” “}■examined have been either rec-3 rec-x or rec-3 rec-x .
To prove that two loci are involved the other two 
combinations must be found. The more stocks examined 
without finding them, the greater chance that rec-3 and 
rec-x are the same. Even if rec-3 does control recombination 
in his-2 in addition to am - 1 , it still is highly specific, 
since no effect is shown on seven other loci.
7.3.2 POSSIBLE MECHANISMS OF ACTION
Conceivably, the product of the dominant and therefore 
metabolically active rec-3  ^ gene could be an enzyme with a 
unit function in recombination. This is unlikely since the 
recessive gene rec-3 would be expected a. priori to code for 
a less active enzyme and therefore cause low frequency of 
recombination (see Chapter 1 for examples of this from 
procaryotes), However, high frequency is recessive.
Alternatively, rec-3+ could code for a diffusible 
product which regulates the activity of such an enzyme
(Catcheside, 1966a). Low frequency would be dominant if
the rec~3+ product was active in reducing the activity of 
the enzyme.
What enzyme could be regulated in a way which accounts 
for the observed data? These are consistent with a suggested
-J- -|-action of the rec-3 product in reducing the number of am-1 
recombinants arising from hybrid DNA entering am-1 proximally 
(Sections 7.1 and 7 -2 ). It is probable that the level of 
this hybrid DNA is itself reduced. Also, the control is 
apparently specific for this particular hybrid DNA (Section 
7 .3 .1). Thus the enzyme regulated would be one whose action 
results in the specific production and entry of this hybridity 
into am-1.
A plausible suggestion is that the enzyme involved 
actually initiates the formation of the hybrid DNA. To 
account for specificity, the initiation could occur at a 
specific recognition site (Catcheside, 1966a). Such sites 
have also been postulated to account for polarity in allelic 
recombination (Holliday, I968). The enzyme would be 
equivalent to a specific endonuclease ("recombinase") 
suggested to be able to recognize a specific sequence of 
nucleotides and to initiate recombination there by breaking 
single non-sister strands of the same polarity (Holliday, 
1968).
If rec~3+ reduces the activity of a recombinase acting 
specifically at an initiation site proximal to am-1 , figure
7.5 shows two possible mechanisms for its action. First 
(left side) the rec-3+ product could recognize the 
initiation site (init) and somehow preclude the specific 
recombinase (coded for by comb) from recognizing and 
inserting nicks in it. Second (right side) the product of
-J"rec-3 could act as a repressor of transcription of the 
recombinase by recognizing and binding to its operator (^),
In either case, the rec-3 product would show less efficient 
recognition, allowing more activity of the recombinase in 
the absence of rec-3 +« Thus high frequency of recombination 
in am-1 (controlled by rec-3) would be recessive.
7.3.3 RECOGNITION OF DNA
Either suggestion in figure 7*5 requires recognition of 
specific sequences of DNA by both the rec-3+ product and the 
recombinase. There are many precedents for such recognition.
Repressors of transcription act by binding specifically 
to DNA near the gene or genes whose synthesis is controlled. 
This has been shown for the repressor protein of the lac 
operon of Escherichia coli (Gilbert and Müller-Hill, 1967) 
and for repressors of synthesis of genes of prophage lambda 
(Ptashne, 1967)« Rec-3+ could repress the synthesis of the 
recombinase in a similar way.
Whitehouse (1966) and Catcheside (1966a) suggested that 
recombination genes in Neurospora might control both 
transcription and recombination. If so, the initiation site 
(figure 7«5) would also be the operator or promoter of am-1.
Figure 7«5 Hypotheses to explain the control of recombination 
in am-1 by rec-3 and rec-3+ gene products. Init is a region 
proximal to am-1 where initiation of hybrid DNA occurs. This 
hybrid DNA can extend into am-1 and result in allelic 
recombination. Comb is the structural gene for a recombinase 
which inserts nicks in init, thus initiating the formation 
of this hybrid DNA. _0 is the operator of comb.
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Apart from the lack of evidence for such regulatory genes,
D.E.A. Catcheside (1968) has shown that rec-3 and rec-3+ 
stocks are alike in the reduction of specific activity of 
the am-1 gene product brought about by exogeneous 
1 effectors" (Appendix 1). If the product of re c -- 3+ was a 
more efficient repressor of transcription of am--1 than the 
rec-3 product, it might be expected to show a greater 
reduction in activity.
Conflicting evidence for concurrent control of 
recombination and transcription has come from the procaryote 
Escherichia coli. If synthesis of the gene product is 
repressed, recombination between mutant alleles has been 
variously shown to remain at similar levels (Shestakov and 
Barbour, 1967) 5 to be reduced (Helling, 1967) or to increase 
(Herman, 1968a, 1968b), Helling’s results were from
transduction experiments, whereas the others involved zygotes 
formed after conjugation. The mechanism of recombination may 
be different in these cases and both may be different from 
that in eucaryotes. Basically, however, recombination in 
procaryotes can be remarkably similar to that in higher 
organisms (Meselson, 1967; Herman, 1968c).
Another example of recognition of DNA is provided by 
modification and restriction enzymes of bacteria and phage 
(reviewed by Arber and Linn, 1969)» Modification enzymes 
probably recognize specific sequences of nucleotides and 
methylate or glucosyiate particular bases in them.
Restriction enzymes probably recognize the same sequences 
and if such a modification is not present in either chain, 
they catalyse a double strand scission nearby. In this way 
unmodified foreign DNA can be eliminated,,
Various mutants of Escherichia co1i deficient in specific 
modification (hsm), specific restriction (hsr) and both of 
these activities (hss) have been isolated. It has been 
suggested that the hss  ^ product recognizes a specific 
sequence of nucleotides and, in association with the hsm1 
or hsr+ product respectively, modifies or restricts the 
DNA so recognized.
By analogy, the present scheme could involve a specific 
gene product equivalent to the hss+ product which recognizes 
the initiation region. In association with the product of 
the rec-3  ^ gene, equivalent to that of hsmT, a particular 
base could be modified in the region. This modification 
would be catalysed less efficiently by the rec-3 product.
In combination with the recombinase, equivalent to the hsr+ 
product, the presence or absence of this modification could 
be detected and, if absent, single strand breakage of two 
non-sister chains could occur, thus initiating recombination.
Recognition of DNA sequences is also probably required 
for initiation of translation and DNA replication, for 
opening of covalent circles of phage DNA and for integration 
and excision of this DNA into and out of the host chromosome. 
In phage lambda, this integration is controlled by the int
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gene product or products (Chapter 1) which are analogous to 
the supposed recombinase initiating recombination specifically 
near am-1.
How could such schemes be verified or rejected? One 
way involves a search for variants of recognition sites 
(Catcheside and Austin, 1969)» The range of possibilities 
could be restricted depending on the properties of such 
variants. These could not be selected directly and a 
systematic search through stocks of different wild type 
background seems to be the best way of finding them.
Another way of testing these hypotheses is to determine
"h "4“the specificity of rec-3 and rec-3 more definitely. Rec-3 
controls recombination in am-1 and possibly also his-2 
(Catcheside and Austin, 1969)» IT so, this implies that the 
recognition sites near these two loci are similar. If 
recombination in two loci, out of nine so far examined, is 
controlled by rec-3 the sequence of nucleotides recognized 
would probably be short.
Assuming Neurospora has 10,000 loci and each locus has 
300 base pairs, there would be 3,000,000 different base pairs 
If each base is equally frequent, a particular sequence of 
eleven bases is expected to occur by chance only once in a 
sequence of nearly 3 5 000,000 (4^ = 4,194,30 )^* IT more than 
one recognition site of a particular kind occurs in 3,000,000 
bases, then it must contain fewer than 11 nucleotides.
Perhaps the recognition site involves the 10 nucleotide 
pairs of one complete turn of a DNA double helix.
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This speculation ignores the possibility that 
recognition sites may be accumulated through duplication of 
the genetic material and also that a particular sequence may 
arise many times by mutation and each time become fixed by 
an adaptive advantage it possesses.
7.4 ROLE OF CORRECTION
Mismatched bases are presumed to arise when hybrid DNA
covers a site of difference between wild type and a base
substitution mutant. Different types of substution give rise
to different combinations of mismatched bases. If these
were corrected at different rates and in different preferred
directions, the frequency of recombinants resulting, and the
pattern of flanking markers they show, would depend partly on
the nature of the mutant involved.
In the present data there is little evidence of
behaviour specific to certain mutants, although some of the
2 IQ /differences between mutants am-1 and am-1 (which map at 
the same site) may result from their different natureg(Appendix 1). Also, several crosses involving am-1 show
2 19differences from all others. In crosses to am-1 , am -1.
and am-1^^, the observed asymmetry between PD and pd is low
o(figure 4.3). This might result if the site of am-1. were 
actually proximal to the other three and if its site of
mismatch were less readily corrected to wild type.
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Less correction might also be expected from mutants 
other than those resulting from base substitution. For 
example, small deletions, duplications or inversions in 
am-1 would be expected a priori to show no correction at
g
all. The am-1 mutant cannot be assigned to any of these 
classes nor to any class of base substitution. Its 
properties (Appendix 1, tables 2 and 3) are consistent with 
those expected from all these types, although absence of 
reversion with UV suggests that it might not be a base 
substitution mutant.
Among other studies, differences in conversion patterns 
shown by spore colour mutants of the Y locus of Ascobolus 
immersus (Kruszewska and Gajewski, 1967) were not associated 
with their map position and could result from differences in 
the classes of mismatch involved. Drapeau, Brammar and 
Yanofsky (1968) have shown that a transversion mutant of 
Escherichia coll resulting from a change in a codon from G to 
C gave about ten times fewer recombinants under similar 
conditions than another transversion with the same base 
changed to U.
Holliday (1964) suggested that both mismatched bases 
could sometimes be removed and another pair not necessarily 
the same as either parent inserted. Kitani and Olive (1969) 
obtained no evidence in support of this suggestion among 761 
octads showing recombination in the gray spore locus of 
Sordaria fimicola. In repulsion phase crosses between mutants,
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they found no wild type:double mutant spore pairs indicated 
by DNA chains on the right of the following diagram:
These would be formed from the hybrid duplex on the left 
(frequently observed in the form of spore pairs) if both 
bases of its right hand mismatch were excised and a mismatched 
pair similar to that at the left hand site inserted. The 
observed absence of such a spore pair is expected if one or 
the other mismatched base is always in the template used by 
the correction enzyme or enzymes.
Kitani and Olive (1969) further interpreted their data 
by suggesting that for mismatched bases near the ends of 
hybrid DNA, the base in the chain which had been broken 
nearby is removed preferentially and one complementary to 
that in the unbroken chain inserted.
This could be explained as follows. If correction by 
excision and resynthesis requires nicks before the process 
starts, these could have two origins. First, a specific 
endonuclease could recognize mismatch and insert nicks 
nearby. Second, the termini of chains involved in hybrid 
DNA could remain unjoined to the neighbouring chains due to 
delay in closure of the apparent nicks by polynucleotide 
ligase. If the latter class were in excess, correction 
would be initiated from them more frequently, resulting in a
preference for correction in the broken chains using the 
unbroken chains as the template.
Kitani and Olive's interpretation and the possible 
mechanism suggested above both require complete coverage of 
the locus by hybrid DNA whenever any is formed« Also, the 
resulting hybrid DNA products are required to be like those 
from Holliday’s scheme. In addition, initial breaks must 
be restricted to one of the two pairs of non-sister chains 
having the same polarity.
If recombination in am-1 occurs in a similar way, the
hybrid DNA products resulting from a cross of the type 
1 2P m + D x p +m d are shown in the following diagram using 
the same conventions as before.
FLANKING REGIONS PARENTAL FLANKING REGIONS RECOMBINANT
>  • • • • • • >
p
+ m
d
< <
and
>  .... •>
and
0 9 0 9 0
_L m
9 0 9 9 0 # ® * * •
Correction of the mismatched bases at a particular site 
(shown as ™ and may or may not occur. If present, a 
short sequence of nucleotides in the DNA chain closer to a
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particular dotted arrow is excised and ones complementary to 
those in the other chain inserted. The direction of the 
dotted arrows represents the direction taken by the 
correction enzyme or enzymes. This is assumed to be 
dependent on the polarity of the chain being excised;, 
although this assumption is not necessary to explain Kitani 
and Olive’s (1969) results. If nicks at the ends of hybrid 
DNA are more frequent than nicks near the mismatches, 
correction in the hybrid DNA will start preferentially at 
these ends. This preference is shown by arrows with double 
rows of dots.
In the two recombinant classes pD and Pd correction is 
only initiated from nicks near mismatches. If this correction 
were equally frequent at both sites and in both directions, 
these classes would be equally frequent among ++ recombinants.
However, the two parental classes PD and pd would not 
be equal among such recombinants. The former would be in 
excess because although correction starts more frequently 
at nicks at the ends of hybrid DNA for both cases, it 
results in a ++ chain in the PD hybrid DNA alone; the 
equivalent chain in the pd class is mm. If both sites were 
in the distal region, this predominant correction would 
usually cover them both and a + + chain would not result 
from either PD or pd. Thus both the excess of PD over pd 
and the frequency of ++ recombinants would be reduced.
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All these predictions fit the observed results for 
recombination in am -1. in rec-3 x rec-3 crosses ( Section
4.3.1).
The effect of rec-3 could be to reduce the absolute 
amount of hybrid DNA initiated (Section 7«3.2). If this were 
the only hybrid DNA covering am-1, the observed effect on 
polarity among ++ recombinants could occur if the proportion 
of nicks at the ends of hybrid DNA was reduced relative to 
those near mismatch. This is possible if the polynucleotide 
ligase filled the apparent nicks more efficiently. 
Alternatively, relatively more nicks could be made near 
mismatched bases. In either case, pD and Pd would still be 
equal, since all correction in these is initiated from near 
mismatch. However, the excess of PD over pd would be 
reduced, since the correction from the ends of hybrid DNA 
would now be less frequent and yield relatively fewer ++ 
recombinants in the PD class.
How could the role of correction in recombination in 
am-1 be studied further? The behaviour of am-1 mutants 
resulting from changes other than base substitutions might 
be informative, since these would probably not show 
correction. Also, it might be possible to select mutants 
which affect correction in recombination if they also affect 
sensitivity to irradiation and chemical mutagens. Mutants 
of Neurospora crassa sensitive to ultraviolet light have
already been isolated (Chang and Tuveson, 1967; Schroeder,
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1968; Stadler and Smith, 1968). So far, the only effect on 
recombination is shown by a recessive mutant at the uvs-3 
locus, which apparently increases mitotic recombination 
(Schroeder, 1968). Its effect on meiotic recombination 
cannot be tested since it is sterile when homozygous. This 
in itself may be indicative of interference with a process 
in mei.osis, perhaps recombination.
Nucleases are assumed to be involved in correction. In 
Neurospora, Ishikawa, Toh-e, Uno and Hasunuma (1969) have 
isolated mutants at two loci lacking nuclease activity.
Whereas mutants at one of these loci show UV sensitivity, 
neither class shows an effect on allelic or non-alleiic 
recombination (Uno and Ishikawa, 1969)«
DNA polymerase appears to correct UV damage in 
Escherichia coli (Kelly, Atkinson, Huberman and Kornberg,
1969) and it might also correct mismatched bases in hybrid 
DNA. A mutant lacking DNA polymerase activity and also 
sensitive to UV has been found in E. coli (De Lucia and Cairns, 
1969). However, it has no effect on recombination between 
widely spaced markers (Gross and Gross, 1969)- Until 
recombination between markers likely to fall within one 
hybrid DNA region is examined, a role for DNA polymerase in 
recombination cannot be excluded.
7.5 CONCLUSIONS
This work was done with the expectation that study of 
genes causing variation in recombination might increase our
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understanding of how recombination occurs. As yet, however, 
study of rec-3 genes has not allowed definite statements to 
be made concerning the mechanism of recombination. All 
that can be said is that the results are consistent with 
schemes involving hybrid DNA. The original hypotheses of 
Holliday (1964) and of Whitehouse and Hastings (1965) have 
sufficient flexibility to allow most results to be 
interpreted using either of them. Many variants of these 
schemes have been proposed, but until the basic tenet that 
recombination in eucaryotes occurs by hybrid DNA is proved 
or disproved, the fine details must remain highly 
speculative•
The behaviour of rec-3 genes fits the suggestion that 
their products regulate recombination rather than catalyse a 
unit reaction in the process. If so, the rec~3+ gene 
product probably reduces the activity of an enzyme concerned 
specifically with recombination in am-1 as was suggested by 
Catcheside (1966a). Since rec-3+ is dominant, its product 
would exert positive control. One likely enzyme to be 
regulated is that presumed to initiate the formation of 
hybrid DNA specifically at a site closely proximal to am-1.. 
This hybrid DNA could enter am-1 and lead to recombination 
between am-1 alleles. The effect of rec-3 on polarity 
could result either from a change in the relative amount of 
hybrid DNA entering am-1. distally (insensitive to rec-3+ )
or from changes in the pattern of correction
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More information about the mechanism of this control- 
might come from studies of variants showing altered 
sensitivity to regulation by rec-3 and rec-3^. Also, 
knowledge of the size and number of sensitive regions in 
the Neurospora genome could exclude some suggested mechanisms. 
At present, direct study of the rec-3 and rec-3 gene 
products appears to be impracticable because of technical 
difficulty in isolating and characterizing them.
+This study has shown that the action of rec-3 is 
directly analogous to that of rec-l+ (Thomas and Catcheside, 
1969)» Two more dominant rec genes have been discovered 
which may be of the same class, namely rec-w4 (Catcheside 
and Austin, 1969) and rec-z+ (D.E.A. Catcheside, in press). 
All of these were present in laboratory stocks which 
originate from several different accessions from the wild. 
Thus, wild types of Neurospora crassa probably differ at many 
loci of this type. This would be expected if variation in 
recombination frequency and pattern were advantageous (Bodmer 
and Parsons, I962).
Further study of these genes should uncover one way in 
which recombination is regulated. Together with further 
genetic evidence and knowledge of normal and defective 
enzymes directly involved in recombination, these studies 
should eventually lead to a complete understanding of the 
processes of recombination between DNA molecules and hence
chromatids.
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APPENDIX 1
WILD TYPE AND MUTANT FORMS OF THE AM-I GENE PRODUCT
Finchatn ( 1951a) described an enzyme, now known as L- 
glutamate : NADP+ oxidoreductase (deaminating); (EC 1,4.1.4),
in extracts of Neurospora crassa hyphae. It has the trivial 
name NADP glutamate dehydrogenase (NADP GDH) and catalyses 
the following reactions:
COOH COOHi x I
+ h2o
C = 0 S  \  CHNH
| NADPH NADP+ | ^
COOH COOH
a-keto glutaric acid L-glutamic acid
In metabolism, NADP GDH probably directs the incorporation 
of ammonia into glutamate (Fincham, 1951a). The resulting
a-amino groups are probably transferred to a-keto carboxylic 
acids to produce other amino acids. Transaminases occur in 
Neurospora which could catalyse this transfer (Fincham, 1951b).
NADP GDH has been purified from wild type Neurospora 
(Barratt and Strickland, 19^3; Fincham and Coddington, 1963a). 
The active enzyme has a molecular weight of about 250,000.
It is probably a multimer of from six to ten identical 
monomers (Barratt, 1961; Fincham and Coddington, 1963b).
CH.
C H 2 + N H ^
NADPH NADP
<£----------
CHI
CH
I
The specific activity of NADP GDH is subject to several 
kinds of control. West, Tuveson, Barratt and Finchatn ( 1967) 
showed that the enzyme could be activated in vitro at pHs 
lower than its optimum. The substrates a-keto glutarate and 
glutamate and several di- and pol.y-carboxylic acids were 
effective activators. The experiments indicated a 
conformational change from inactive to active enzyme 
resulting from the cooperative action of activator molecules. 
The active enzyme itself apparently occurs in two 
conformational states (Roberts, 1969).
Tuveson, West and Barratt (1967) demonstrated increases 
in specific activity of the enzyme in germinating conidia.
The increases were probably due to cie novo production rather 
than activation, as they were sensitive to inhibitors of 
protein synthesis. In contrast, Barratt (I963) and Sanwal 
and Lata (1962a) showed a reduction of specific activity in 
hyphal extracts if certain nitrogenous compounds were added 
to the growth medium. Sanwal and Lata (1962b) and D.E0A. 
Catcheside (1968) have evidence from experiments in which 
different extracts were mixed that this reduction was not due 
to inhibition of activity. D.E.A. Catcheside (1968) also 
showed that the magnitude of the reduction was similar in 
rec-3 and rec-3+ stocks.
Nineteen mutants of the am-1 * gene have been isolated 
(Appendix 1 table 1). Several more have recently been 
obtained, but are not yet fully documented. They require
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any one of a range of sources of CC-amino groups for growth 
(Fincham, 1950). Proof that genes at the am-1. locus specify
NADP GDH has come from studies of the abnormal proteins 
produced by several am -1. mutants (Fincham, 1962; Fincham 
and Stadler, I965).
Appendix 1 table 2 summarizes knowledge of the presence 
and type of protein homologous to NADP GDH produced by sixteen 
am-1. mutants» Reversion experiments using these same mutants 
are summarized in Appendix 1 table 3» Of the other three 
mutants in Appendix 1 table 1 , am-1 ^ has been neglected
12because it is sterile (Fincham and Stadler, 1965) and am-1
13 3 7and am-1 are probably recurrences of am-1 and am-1‘
respectively. Evidence for this is from studies of their
products (Fincham, 1962), from crosses between them and
from their complementation behaviour (Roberts and Pateman,
1964).
If the am-1 mutants result from base substitutions, they 
are probably (i) nonsense mutants which do not allow full 
translation of the gene, or (ii) missense mutants which 
specify a polypeptide with an altered amino acid at a 
particular site. The altered properties of the products of 
missense mutants should indicate the functions of the 
region in which the amino acid substitution occurs. Since 
gene and polypeptide are collinear, the localization in the 
am-1 fine structure map of the sites of mutants with similar
altered properties should reflect the regions of the
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polypeptide concerned with the control of these properties» 
Several separate regions in the map would be expected, as 
regions controlling particular functions probably involve 
several different amino acid sequences brought into close 
proximity by specific folding and aggregation of the 
polypeptide chains.
The products of probable missense mutants of am-l have 
largely been studied in the active NA.DP GDH formed by 
complementation between pairs of them. Appendix 1 figure 1 
relates the map of thirteen am-l mutants from figure 4.1 to 
one of the two complementation maps possible from the 
results of Fincham and Stadler (1965)« To obtain 
correspondence, the genetic map has been folded near its 
midpoint. Fitting of this map to the alternative version of 
the complementation map would require more complicated 
folding. The interpretation of the complementation map is 
difficult, but its segments probably represent different 
regions of the NADP GDH polypeptide. Each segment would 
contribute to the properties which are altered in the 
mutants involved in it (see general discussion in Fincham,
1 966) .
1 4The segment involving am-1 would be concerned in a 
site of association of protein monomers, as mutant 14 
probably produces monomers unable to aggregate by themselves. 
Evidence for this comes from the behaviour of complementation 
products involving am-lJ^ (Sundaram and Fincham, 1968). Also,
Appendix 1 Figure 1 Fine structure and complementation 
maps of thirteen am-1 mutants. The complementation map is 
one of the two possible from the data of Fincham and 
Stadler (1965)* The fine structure map is from figure 4.1. 
To obtain correspondence between the two maps, the genetic 
map has been folded near its midpoint. Mutants which 
produce cross-reacting protein are indicated by an asterisk.
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extracts of am-1 show (i) no protein homologous to NADP 
GDH when tested by gel electrophoresis and (ii) no reaction 
with antibody prepared against active multimers of GDH (i.e. 
they do not contain cross-reacting material) (Appendix 1 
table 2). While mutants which complement usually possess a 
protein which reacts with such an antibody, its absence in
l4am-1 is consistent with the absence of reaction between 
monomers of wild type NADP GDH and this antibody (Roberts,
1969).
3 2 19The segment containing mutants am-1 , am-1 , am-1 and 
7am-1 would be involved in the maintenance of conformation,
as these mutants probably contain a multimer whose defective
conformation can be corrected if it includes a proportion of
certain other monomers (Coddington and Fincham, 1965;
Coddington, Fincham and Sundaram, 1966; Sundaram and Fincham,
1968). As expected, all these mutants specify a protein which
cross reacts with antibody to NADP GDH (Appendix 1 table 2).
3 2 19Mutants am-1 , am-1 and am-1 affect only this segment»
They probably have catalytic sites which are potentially 
functional, as they show activity under special conditions 
in vitro (Appendix 1 table 2) and they revert to give many
2different forms of active enzyme (Appendix 1 table 3 )« Am-1 
19and am-1 may result from alterations of the same 
nucleotide pair, as there is little or no recombination 
between their sites (Fincham, 1967; Section 4.2). If so,
the alterations are probably different since their products
have different electrophoretic mobilities (Appendix I table 
2). However, this difference has not been confirmed using 
the same technique for both.
The third segment in Appendix 1 figure 1 involves am -1*
7and am-1 . These mutants produce a protein homologous to
NADP GDH but have not shown any activity Tn vitro (Appendix
1- 71 table 2). Enzymes from reverants of am-1' and am-1 have
not been detectably different from wild type (Appendix 1
table 3)« Because of these properties, Fincham ( 1968)
1 7suggested that am-1 and am-1 have amino acid substitutions
at the catalytic site. This would therefore be the concern
4 1 7of the third segment. Am-1 resembles am-1 and am-1
except that it does not show complementation. It may also
be involved in the catalytic site. In this case, the site
4 1of am-1 would probably be brought close to the am-1 and
7am-1 sites by folding of the polypeptide chain.
In the gene specifying ß-galactosidase in Escherichia 
co 1 i., Langridge ( 1968a) has obtained mutants concerned with 
the binding of substrates. They are localized in five 
separate regions of the map. He considers that in the 
active protein these are in close proximity due to folding of 
the polypeptide to form the active centre.
The remaining six am-1 mutants in Appendix 1 figure 1 
are non-complementing and do not produce cross-reacting 
material. Three of them (am-1^ , am-1^ and am-1^ ^ ) have not 
given revertants (Appendix 1 table 3)» 01 the others, am-r
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17and am-i have reverted as a result of suppressor mutations at
unlinked loci. These suppressors are allele specific, and
can suppress mutants at loci other than atn-1. (Seale, 1 9 6 8 )»
5 17Thus mutants am-1: and atn-1 have characteristics consistent
with their being nonsense mutants which terminate synthesis
of polypeptide chains, and all six may be of this type.
5 17Whereas the sites of am-1 and am~l are close, the other
four possible chain-terminating mutants are not in any
6 Qparticular region of the map. Indeed, am-1 and am-1 are 
at its extreme ends. If all six alleles are of this type, 
their distribution is perhaps unlike that of chain- 
terminating mutants of the gene specifying ß-galactosidase 
in Escherichia coli (Langridge and Campbell, 1 9 6 9 )» These 
authors showed that most of 123 mutants of this kind mapped 
in regions of the locus excluding one end, that furthest 
from the operator.
With the discovery of suppressors of probable chain- 
terminating mutants of atn-1 , a study similar to that of 
Langridge ( 1 9 6 8b) is possible. He examined the protein 
homologous to ß-galactosidase in suppressed strains of 
fifty six such mutants of the amber class in Escherichia 
coli. The polypeptide of these strains contained serine at 
the site where its synthesis was terminated when 
unsuppressed. Depending on the conformational properties of 
these polypeptides, he inferred the presence of discrete
segments of the chain concerned with the maintenance of
conformation. Although the three am-1 mutants not yet mapped 
r X 6  X R(am-1. , am-1 and am-1 ) may also be chain-terminating
mutants, many more would be needed before such a study could 
be made using NADP GDH.
A glutamate dehydrogenase which is specific for NAD 
rather than NADP, and having the Enzyme Commission name L~ 
glutamate : NAD oxidoreductase; (EC 1.4.1.2), has also
been described from Neurospora (Sanwal and Lata, I961), Its 
presence probably accounts for the leaky growth of am-1 
mutants (Fincham, 1962). Recently, mutants with altered heat
stability of this enzyme have been reported (Ahmed and 
Sanwal, 1967). They map at the am-2 locus, unlinked to
am-1 There is as yet no proof that am-2 specifies NAD GDH.
APPENDIX 2 TABLE 1
rec-3 x rec-3
«11dp am- 1 i am-.i6 his-l . 1 1am- 1 his-l x . 6sp am- 1
76l 762 745 746SM314 x DGC3 6 5 1
1
SM314 x SM303 DGC3 6 5I x DGC6340 SM30 3 xL DGCÖ340
950 1206 952 918 1207 9 2 0 1SMc>12 x DGC3651 X SM6l4 x SM303 DGC3651 X SM580 x SM303 x SM582
- 1198 1208 1 120 9 1191 1SM419 x DGC3 6 5 1 X SMrr2i SM£>87 x SM303 x SM689
I 1 1281, 12824 A Xam-1 SMr X SM775, SM7 7 6
X
6 1283, 1284
■SI am-1 his-l SM 779 SM7 8O x SM777
j 1
*
1285, 1286
81 am-1 his-l SM785 X SM771, SM7 72
X
6
-
1288, 1314
am-1 SM784 SM812 x SM7 7 3
rec-3 x rec-3+
.11sp am-1 X am-1^ his-l - 11 am-1 his-l x .6sp am-1
763 764 747 748
SM3 3 2 x DGC3651 SM322 x SM3 0 3J DGC3 6 5I x SMI 05 SM303 jc^ SM105
954 978 956 9 2 2 976 925~ |
SM6 1 6 X DGC3 6 5I1 X SM618 j SM303 DGC3651 x^ SM584 x SM303 XL SM587
1101 1 1 1 9 1117 1087 ”1SMrf23 x DGC3651 c SM725 SM 591 X SM303 x SM6 93
1102
SM724 x DGC3 651
Appendix 2 Table 1 Pedigrees of various am-1 and am-1 stocks used in orosses 
analysed in Sections 3.6, 5*1 and 5*2. The stocks are numbered with the prefixes 
DGC or SM. Cross numbers are without a prefix, and are written above the symbol 
"x" between the two stocks used in the particular cross. Offspring of these crosses 
are shown by lines originating under the symbol "x". Sibs are listed with vertical 
lines between them. The constitutions of the various stocks used are given in 
Appendix 2 table 2.
APPENDIX 2 TABLE 2
CONSTITUTION
STOCK NUMBER
m t rec-3 arg- 3 cot- 1 sp am- 1 his - 1
DGC3651 a re c- 3 + C 1 0 2 1 + 6 K83
SM303
DGC6340, SM580, SM582,
a rec-3 + C1021 + 11 K83
SM687, SM 689 
SM105, SM584, SM587,
A rec-3 + C1021 B132 6 +
SM6 9 I, SM6 9 3  
SM3 1 /+, SM6 I2 , SM6 1 4 ,
A rec-3 + C1021 B132 6 +
SM719, SM721 
SM3 2 2 , SM6 1 6 , SM6 I8 ,
A rec-3 + -pCMOr—10 B132 11 +
SM723, SM724, SM725 A rec-3 + C1021 B132 11 +
SM771, SM772 A rec-3 + C 1 0 2 1 + 6 +
SM773 a rec-3 + C 1 0 2 1 + 6 +
SM775, SM776 A re c- 3 + C1021 B132 6 K83
SM777 a re c- 3 + C102 t B132 6 K83
SM779, SM780 A rec-3 + C 1021 + 11 +
SM781 a rec- 3 + C102 t + ll +
SM784, SM812 A rec-3 + C1021 B132 11 K83
SM785 a rec- 3 + C1021 B132 11 K83
DGC1552 a rec-3 K125 + + + +
SM787 to SM811 A rec-3
or
0 ^rec-3
K125 C1021 B132 11 +
Appendix 2 Table 2 Constitutions of the stocks given in 
Appendix 2 table 1, classified with respect to seven loci. 
The particular allele number is given for each locus except 
where the stock is wild type at that locus. In this case 
the symbol , + n is used. The last two entries refer to 
stocks discussed in Section 5*2.
APPENDIX 2 TABLE 3
9 75DGC6341 x DGC5752 DGC6344 x dgc4056
113DGC7242 x SM31
112
DGC7242 x SM26
335 996
SMI65 x SM53 x SMI61
336 997SMI65 x SM56 X SMl6 l
258
smi64 x SM56
832 I 575 831
SM441 x SM439 x DGC7479 x DGC7480
577SM44I x DGC7480
Appendix 2 Table 3 Pedigrees of various atn-1  ^ gul-l( CA1) 
stocks used in crosses analysed in Sections 6,1 and 6.2, The 
method of presentation is similar to that of table 1 of this 
Appendix except that several stocks are listed in two places 
and joined by double vertical lines.
APPENDIX 2 TABLE 4
STOCK NUMBER
CONSTITUTION
m t rec-3 cot-1 am- 1 gul-l his - 1
DGC6341 a rec-3 C1021 B132 6 + +
DGC5752 A rec-3 Cl02t + 2 + K83
DGC6344 A rec-3 +C1021 B132 7 + +
DGC4056 a re c-3 C1021 + 6 + K83
DGC7242 (f g s c  # 1191)* a rec-3 + + 19 CA1 +
DGC7479 (FGSC # 817) a rec-3 C1021 + + G +
DGC7480 (FGSC # 820) A rec- 3+C102t + + G +
SM31 A rec-3 C 1021 B132 + + K83
SM2 6 A rec- 3+ C102 t B132 + + K83
SM53, SM56 a rec-3 C1021 + + + K83
SM165 A rec- 3 C102 t B132 19 CA1 +
SMl6l A rec- 3+ C102 t B132 19 CA1 +
SM164, SM439 A rec-3 C102 t + 19 CA1 K83
SM441 a re c- 3 C102 t + 19 CA1 K83
* Fungal Genetics Stock Centre Number
Appendix 2 Table 4 Constitutions of the stocks shown in 
table 3 of this Appendix classified with respect to seven 
loci. The method of presentation is similar to that in 
table 2 of this Appendix. The first four stocks listed are 
from D.G. Catcheside1s collection. The only other stocks 
entering the pedigree are the next three listed, which are 
from the Fungal Genetics Stocks Centre (see table 2.l).
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